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Abstract 
 
Membrane-based filtration and separation processes are widely used in various fields, 
such as for clean drinking water, food, dairy industry, medical, biotechnology, and environmental 
applications. Providing clean and safe drinking water has been regarded as one of the global 
biggest challenges because of increasing world population, impacts of climate changes, increased 
wastewater production, and increased contamination of surface and groundwater. The most 
important technologies contributing substantially in this field are based on pressure-driven 
membrane technologies such as microfiltration, ultrafiltration, nanofiltration, and reverse osmosis.  
Recently, in situ synthesis of nanoparticles based on molecular level design and tailoring 
in the membrane matrix have been reported to prepare next generation nano-enhanced 
membranes. In this work similar technique was utilized to construct PSF-Silica nanocomposite 
membranes in which hydrolysis and condensation of silica precursor (TEOS, APTES, and 
TPAPS) and phase inversion of polymer film was achieved simultaneously in one step under 
acidic condition. This unique process has led to the formation of extremely small silica 
nanoparticles with high dispersion in every region of the membrane. Such type of distribution of 
silica nanoparticles is very difficult to achieve using conventional silica nanoparticle blending 
with polymer solution. The prepared membranes were extensively characterized for their 
morphology, surface properties, nanoparticle distribution, fouling and permeation properties. 
Finally, the membranes were tested with rejection experiments with protein and dye solutions to 
assess their usefulness for water filtration and separation applications. 
The silica nanoparticles were mostly generated during the phase inversion under acidic 
condition by hydrolysis and polycondensation reaction of silica precursors mixed with PSF 
solution. The properties and structure of membranes were characterized by different analytic and 
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physicochemical techniques. The prepared membranes exhibit an asymmetric nature with a dense 
skin layer, followed by finger-like porous structure at the bottom. The microscopic and elemental 
analysis confirmed the presence and homogeneous distribution of nanoscopic small silica 
particles throughout the membrane matrix. Hydrophilic SiO2, SiO2-NH2, SO2-NH-SO3H 
nanoparticles were respectively formed in situ within PSF membrane matrix during the phase 
inversion under acidic condition by hydrolysis and polycondensation reaction of corresponding 
silica precursors mixed with PSF solution. Because the nanosize and good distribution of the 
pores, the presence and well distribution of silica nanoparticles, the presence and exposure of the 
hydrophilic charged functional groups form a hydrate layer on the membranes and provide 
hydration repulsion and electrostatic repulsion against solutes from feed under aqueous medium, 
the PSF-TEOS, PSF-APTES, PSF-TPAPS membranes respectively with SiO2, SiO2-NH2, and 
SO2-NH-SO3H nanoparticles exhibited high hydrophilicity, stability, water permeation, rejection, 
and antifouling performance as compared to the neat PSF membrane for water purification 
application. The overall membrane properties were highly dependent on the concentration of the 
silica nanoparticles and can be tuned by adjusting the concentration of initial silica precursors 
during membrane formation. The low protein fouling, high water permeation, protein rejection, 
and flux recovery results make those membranes attractive for separation and filtration 
applications. Thus, the prepared membranes can be used in different applications ranging from 
separation of biomolecules, desalination/purification of water, and for other charge and size-
based separation processes. 
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1 Introduction 
1.1 Motivation 
 
There is a widespread perception that all lives in the world depend on water to survive—
water is the origin of life. Water (H2O) is the main constituent of the fluids of most living 
organisms and is a vital resource for human life and production. 
Water resources are limited on Earth. Water exists in oceans, rivers, lakes, groundwater, 
atmosphere, etc. However, available freshwater resources only account for less than 1% of the 
total water volume.1 Figure 1.1 shows that annual average water availability in some regions has 
become a great burden to themselves from 1981 to 2010.2-3 During the past years, much progress 
has been made in increasing access to drinking-water and sanitation, but still too many people 
lack access to safe, sustainable water supply and sanitation services.4 In 2015, the World Health 
Organization/United Nations Children’s Fund (WHO/UNICEF) estimated that water scarcity has 
added to an international major tension affecting more than 3 billion people worldwide, and 
WHO also emphasized water scarcity is a significant and increasing threat to the environment, 
human health, development, energy security and the global food supply.2-6 In addition, water 
demand will continue to increase because of increasing world population, impacts of climate 
changes, increased wastewater production, and increased contamination of surface and ground 
water.7-10 Therefore, water source conservation and water treatment are two crucial keys to 
improve water quantity and quality.   
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 Figure 1.1: Annual average water stress (1981-2010). The water stress is estimated by the 
withdrawals-to-availability ratio, which means higher values indicate more water stress and 
challenge.2 The reprinted with permission from Ref. 2. 
Membrane-based filtration and separation processes are widely used in various fields, 
such as for clean drinking water, food, dairy industry, medical, biotechnology, and environmental 
applications.7, 9, 11-13 Since providing clean and safe drinking water has been regarded as one of 
the global biggest challenges, it has stimulated huge interest in developing cost-efficient filtration 
technologies which can be operated at lower pressure and energy consumption.9, 14-16 The most 
important technologies contributing substantially in this field are based on pressure-driven 
membrane technologies such as microfiltration (MF), ultrafiltration (UF), nanofiltration (NF), 
and reverse osmosis (RO).9, 16-20. MF and UF technologies have been widely used in water 
purification because of the screening pore size from several micrometers to several nanometers 
and moderate pressure requirement.19, 21-22 Current MF and UF membranes for water purification 
are mainly made of relatively hydrophobic materials such as polysulfone (PSF), poly(vinylidene 
fluoride) (PVDF), etc. with high strength and high durability. However, the state of the art 
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membranes used in these filtration applications still suffers from several inherent problems such 
as high fouling, low permeation, high energy consumption, and high cost.19, 23-27 These prevailing 
problems in existing membranes require rational attention through careful selection of materials, 
manipulation of nanostructures, and new fabrication techniques.   
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1.2 Goals 
 
Membrane filtration for water purification is a highly pressure-driven separation process, 
which makes the selective permeation of water across a semipermeable membrane and blocks 
pollutants towards the wastewater side.28 Ultrafiltration (UF) has been widely used in separation 
technologies to remove suspended solids, proteins, bacteria, and macromolecules, used as parts of 
various industrial processes including water filtration because of adapted pore size and moderate 
pressure requirements. Separation process for membrane filtration mainly occurs within a 
selective top layer (in submicron range) of a membrane, and the rest of the membrane provides 
mechanical support in sub layer.28-29  
In this work, new polymer-nanoparticle hybrid membranes are prepared by novel one-pot 
methodology by combining phase inversion and nanoparticle formation in one step. According to 
the target membrane model depicted in Figure 1.2, it is one of the goals that nanoparticles 
distribution should be in entire membrane to effectively improve the membrane properties. The 
prepared membrane in this work will exhibit an asymmetric morphology with a porous top layer, 
a support layer with finger-like macro void and a thin bottom layer. The top layer of the 
membrane needs to have smaller pore size along with excellent integrity in order to achieve a 
high degree of rejection. The separating top layer of the film with sufficient thickness can 
significantly prevent or limit the frequency of defects. The top layer is responsible for separation 
of undesired components out of the wastewater, and the support layer provides mechanical 
strength under high pressure.30 The dense membrane, in addition, can regulate fluid flow for 
membrane filtration due to its integral and continuous selective separation barrier. However, the 
asymmetric structure of the membrane can provide fast flow, low-pressure drops, and highly 
consistent flow rates in applications such as pre-filtration and clarification.31  
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
)LJXUH6FKHPDWLFGLDJUDPRIDV\PPHWULFSRO\PHUPHPEUDQHZLWKQDQRSDUWLFOHVGLVWULEXWLRQ
)RU WKHPRVW LPSRUWDQW JRDOV RI WKLVZRUN  LW LV SXUVXHG WKDWPHPEUDQHV FDQ FRPELQH
KLJKSHUPHDELOLW\DQGKLJKVHOHFWLYLW\ZLWK VXIILFLHQWPHFKDQLFDO VWDELOLW\RQ WKHRWKHUKDQG
IRXOLQJ LV DPDMRU OLPLWLQJ IDFWRU LQPHPEUDQH VHSDUDWLRQSURFHVV DQG UHVXOWV LQ DGHFUHDVH LQ
SHUPHDWH ZDWHU IOX[ DQG PHPEUDQH VHOHFWLYLW\ DQ LQFUHDVH LQ HQHUJ\ FRQVXPSWLRQ DQG D
GHFUHDVH LQPHPEUDQH XVH WLPH7KHUHIRUH D QRYHO VWUDWHJ\RIPHPEUDQHEDVHG ILOWUDWLRQ RQ
ZDWHUSXULILFDWLRQLVLPPLQHQWLQWKHPRPHQW
7KHPDLQDLPVRIWKHZRUNDUHDVIROORZV
 7RSUHSDUH DQGFKDUDFWHUL]HSRO\VXOIRQHQDQRSDUWLFOHEDVHGK\EULGPHPEUDQHVYLDRQH
SRWPHWKRGRORJ\
 7R VWXG\ WKH HIIHFW RI GLIIHUHQW W\SHV RI VLOLFD QDQRSDUWLFOHV RQ K\EULG PHPEUDQH
SHUIRUPDQFH
 7R VWXG\ WKH FKDUDFWHUL]DWLRQ DQG SHUIRUPDQFHV RI WKH SUHSDUHG PHPEUDQHV IRU ZDWHU
SXULILFDWLRQ
 
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1.3 Outline 
 
The thesis is structured into five main chapters, which are outlined as follows: 
Chapter 1: The introduction consists of the motivation, goals of the work, and outline. 
Chapter 2: This chapter includes the theoretical background and literature overview 
describing state of the art water purification and membrane technologies. The chapter is further 
divided into 3 sub-sections as given below: 
 Section 2.1: This section consists of discussions on water resources, current problems, 
and general water treatment methods and technologies. 
 Section 2.2: This section deals with the description of different types and 
classification of membranes. 
  Section 2.3: Water filtration and separations have been described in this section based 
on the membrane flow configurations, Donnan exclusion principle, and membrane 
types.  
Chapter 3: All experimental characterizations used in the work have been discussed in this 
chapter. It includes the material selection, experimental design, characterization, and detection. 
The chapter is further subdivided into 5 sub-sections to describe separately the materials, theme 
of the experiment, membrane preparation, characterization of membranes, to filtration and 
fouling studies in a proper order. 
 Section 3.1: This section describes the materials used in the work. 
 Section 3.2: The section describes the theme of the whole experimental steps and 
ideas, which also include synthesis of the membrane solution using particle precursor. 
 Section 3.3: The section describes the membrane preparation by simultaneous phase 
inversion and nanoparticle formation called “one-pot approach”. 
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 Section 3.4: This section consists of the fundamental physical, structural, chemical, 
and morphological characterization. 
 Section 3.5: This section describes membrane filtration test, fouling studies and 
rejection performance. 
Chapter 4: The results and discussion part consists of 4 sub-sections to discuss the 
characterization and filtration performance of neat PSF, PSF-TEOS, PSF-APTES, and PSF-
TPAPS membranes, respectively. 
 Section 4.1: This section compares the prepared PSF membrane and commercial PES 
membrane through the morphological and flux measurements.  
 Section 4.2: This section describes the PSF-TEOS membrane characterization and 
filtration performance. The prepared membranes were investigated with respect to 
hydrophilicity, surface and cross-sectional morphology, particles distribution, pure 
water permeability, protein and dye rejection performance, and antifouling properties. 
 Section 4.3: This section describes the PST-APTES membrane characterization and 
filtration performance on the lines of Section 4.2.  
 Section 4.4: This section describes the synthesis of zwitterionic precursor, and PSF-
TPAPS membrane characterization and filtration performance as described in above 
sections. 
Chapter 5: The main outcome of the work is summarized and concluded in this chapter. 
Chapter 6: This section describes the outlook of membrane technologies. 
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2 Theoretical background and literature overview 
2.1 Water purification 
 
Water purification is a process of removing undesirable chemicals, biological 
contaminants, and suspended solids from water. The goal is to make treated water fit for specific 
purposes such as for drinking or industrial applications.33  
Clean water is essential for all lives and many industries, but current water stress was 
caused by unsustainable water reserve development pathways and governance failures on water 
resources. Water scarcity became an extremely serious worldwide problem.34 Global changes 
such as increasing world population and the impacts of climate change also lead to drinking water 
scarcity due to limited water reserve, increasing water demand, and water pollution. Therefore, it 
is an urgent requirement for water source conservation and sustainable water resource 
development to significantly improve water quantity and quality, and generate social and 
economic benefits.34  
2.1.1 Water sources and problem 
 
Sources of water include groundwater, upland lakes and reservoirs, rivers, canals, and low 
land reservoirs, atmospheric water generation, rainwater harvesting or fog collection, seawater, 
etc.1, 35 Water reserves on earth exist in different proportions displayed in Table 1, but the urgent 
water requirement to human living and industry utilization is met through only a small portion of 
water reserve of freshwater like glaciers and groundwater.1, 35 Further, a large amount of 
freshwater is not available like glaciers, so only less than 1% of the total water volume can be 
used.  
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Table 1: Water reserves on earth.1, 35 (Source: Gleick, P. H. (1993). Water in crisis: a guide to the 
world's fresh water resources. New York, NY: Oxford University Press.) 
 
Moreover, according to world population prospects (the 2017 revision), the world’s 
population has added approximately one billion inhabitants over the last twelve years to nearly 
7.6 billion as mid-2017, implying that water scarcity will be more serious than ever.36 Therefore, 
a continued increasing water requirement and a high water quality demand result in water 
resources more and more precious, then water treatment has been becoming a large mitigation 
and solution tendency of water scarcity.  
2.1.2 Water treatment methods 
 
Water treatment is all the processes that make water acceptable and available for a 
specific end-use by removing contaminants and undesirable components, or reducing their 
concentration from wastewater, ocean or others not up to standard water according to WHO 
water-use guideline.37 Generally, treated water may be used in drinking, industrial water supply, 
irrigation, and many other end-uses, even including being safely returned to the environment.35 
 
 
$FFRUGLQJWRWKHLQFUHDVLQJGHPDQGIRUZDWHUTXDOLW\KLJKHUWHFKQRORJ\RIZDWHUSXULILFDWLRQLV
EHLQJQHFHVVDU\WRHIILFLHQWO\DWWDLQKLJKHUTXDOLW\ZDWHU
7HFKQRORJLHV IRU SURGXFLQJ ZDWHU IRU GULQNLQJ DV ZHOO DV IRU RWKHU SXUSRVHV ZHUH
GHYHORSHG IURPZKLFK WKH VXLWDEOH WUHDWPHQW SURFHVVHV FDQ EH VHOHFWHG EDVHG RQ WKH VSHFLILF
ZDWHUVRXUFH2QHRIWKHWUHDWPHQWSURFHVVHVLVGHSLFWHGLQ)LJXUHLQZKLFKVHZDJHRXWRI
RQH HQG XVH HJ +RXVH HQWHUV LQWR D W\SLFDO UHF\FOHG V\VWHP IRU ZDWHU WUHDWPHQW )LUVWO\
6HZDJH LV SDVVHG WKURXJK SUHOLPLQDU\ WUHDWPHQW WR UHPRYH YLVLEOH REMHFWV DQG WKHQ XQGHUJRHV
ELRORJLFDOWUHDWPHQWWRUHPRYHEDFWHULDYLUXVHVDQGSURWHLQV$IWHUWKDWDQWKUDFLWHVDQGILOWUDWLRQ
DQG FKORULQH WUHDWPHQW LV GRQH IRU GLVLQIHFWLRQ 7KH GLVLQIHFWHG ZDWHU LV WKHQ ILOWHUHG WKURXJK
PHPEUDQHZKLFK LV RQH RI WKHPRVW LPSRUWDQW VWHSV WR UHPRYHXQGHVLUDEOH VPDOO FRPSRQHQWV
IURPZDVWHZDWHU$PRQJPHPEUDQHEDVHGILOWUDWLRQXOWUDILOWUDWLRQLVIDYRUHGGXHWRLWVKLJKIOX[
UHMHFWLRQDQGRWKHUH[FHOOHQWSURSHUWLHV)LQDOO\ LQRUGHU WRFRQWUROELRORJLFDO JURZWKDQGNLOO
UHPDLQLQJEDFWHULDDQGSDWKRJHQVWKHWUHDWHGZDWHULVSDVVHGWKURXJKWKHXOWUDYLROHWGLVLQIHFWLRQ
DQGFKORULQDWLRQ

)LJXUH$F\FOLFV\VWHPRIZDWHUWUHDWPHQWSURFHVV
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2.2 Membranes 
 
A membrane is commonly a thin, selective barrier; it allows some things to pass through 
but stops the rest. Such things may be molecules, ions, particles or other pollutants.39 Human 
cognition of membranes in nature originated from biological membranes. Biological membranes 
include tissue membranes such as mucosae and serosae and cell membranes like outer coverings 
of cells or organelles that allow passage of certain constituents; nuclear membranes covering a 
cell nucleus also belong to one kind of membranes in nature. All these species of membranes play 
necessary roles in nature and life to allow components to pass through.39 Nowadays, Synthetic 
membranes are created and made by humans for many applications in laboratories and industries 
such as water purification.  
2.2.1 Organic membranes 
 
Cellulose acetate (CA) was the first polymer employed in aqueous membranes in the late 
1950s. Afterwards, the CA asymmetric membrane developed by Leob-Sourirajan was regarded as 
the historical importance of membrane development.9, 28, 38-39 It was also the base for the 
synthesis of most of the commercially available membranes in the 1960s.9, 29, 40-41 Due to the 
cellulose backbone, CA membranes are biodegradable, limited in temperature and pH range, can 
be consumed by organisms growing in biofilms.9, 40, 42 With the development of membranes for 
water treatment, synthetic polymers are now widely used in membrane preparation like 
polysulfone (PSF), polyethersulfone (PES), sulfonated PSF or PES, polyacrylonitrile (PAN), 
polypropylene (PP), polytetrafluoroethylene (PTFE), and polyvinylidene fluoride (PVDF).43 
These synthetic polymer materials exhibit excellent performance in permeability, selectivity, and 
stability for water treatment applications.9, 44-45 PSF and PES membranes are the most commonly 
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used materials for UF membranes, as well as the standard support substrates used in the 
formation of NF and RO composite membranes. While PP and PVDF are more popular materials 
for MF membranes than others.9 These polymeric membrane materials can be roughly classified 
into two groups, that no one can belong both as follows:19 
1) Hydrophilic materials. Their membrane application is aimed at inhibiting membrane 
fouling due to organic substances in wastewater, such as cellulose-based material, 
PAN,  hydrophilized PSF, and so forth; 
2) Materials possessed high strength and high durability. Their membrane application is 
aimed at long membrane use time by enhancing in mechanical strength and chemical 
resistance in cleaning, such as PVDF, and so forth. 
A flat sheet membrane made of synthetic polymer is often prepared on a non-woven 
support fabric by means of phase inversion method. Phase inversion method is a process of 
controlled polymer transformation from solution state to solid state.29 The membrane is an 
integrally skinned, and it often has an asymmetric structure in cross-section consisting of an open 
porous support layer beneath a thin porous skin layer, and sometimes has a thin bottom layer. A 
cross-section model of this kind of membrane is depicted in Figure 2.2.9, 29, 45 The integral skin 
layer is responsible for separation; the asymmetric support part and non-woven support fabric 
part provide mechanical strength under high pressure.9, 30, 40 Asymmetric structure in filtration 
membrane field provides faster flow, low pressure drops, and consistent flow rates in applications 
such as pre-filtration and clarification.31 
 
 
 
)LJXUH&RQFHSWXDOFURVVVHFWLRQRIDQDV\PPHWULFDQGLQWHJUDOO\VNLQQHGPHPEUDQH
2.2.2 Inorganic membranes 

&RPPHUFLDOO\DYDLODEOHLQRUJDQLFPHPEUDQHVWRGD\DUHGRPLQDWHGE\SRURXVPHPEUDQHV
DQG SDUWLFXODUO\ SRURXV FHUDPLFPHPEUDQHV DUHPRUH UREXVW GXH WR WKHLU KLJKHU FKHPLFDO DQG
WKHUPDO VWDELOLW\ DV FRPSDUHG WR WKH SRO\PHULF PHPEUDQHV ,Q DGGLWLRQ HDV\ FOHDQLQJ QR
GHIRUPDWLRQDQGVZHOOLQJDUHDOVRWKHLPSRUWDQWDGYDQWDJHVRIFHUDPLFPHPEUDQHVXQGHUDSSOLHG
SUHVVXUHV  ,QRUJDQLFPHPEUDQHV DUHPRVWO\PDGH RI DOXPLQD VLOLFD WLWDQLD ]LUFRQLD RU
DQ\PL[WXUHRIWKHVHPDWHULDOV*HQHUDOO\FHUDPLFPHPEUDQHVDUHDV\PPHWULFLQVWUXFWXUHZLWKD
GHQVH XSSHU OD\HU DWRS D SRURXV VXSSRUW OD\HU 7KH FRQFHSWXDO FURVVVHFWLRQ RI DQ DV\PPHWULF
LQRUJDQLFPHPEUDQHLVVKRZQLQ)LJXUH+RZHYHUDOWKRXJKWKH\SRVVHVVKLJKPHFKDQLFDO
WKHUPDODQGFKHPLFDOVWDELOLW\FHUDPLFPDWHULDOVDUHW\SLFDOO\FRQVLGHUHGYHU\H[SHQVLYHEULWWOH
DQGGLIILFXOWWRSUHSDUHRQDODUJHVFDOH7KHUHIRUHWKHXVHRILQRUJDQLFPHPEUDQHVLVFXUUHQWO\
OLPLWHG
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Figure 2.3: Conceptual cross-section of an asymmetric inorganic membrane.9 
2.2.3 Hybrid membranes 
 
Over recent years, polymeric-ceramic hybrid materials were dominant in research and 
technology development, as well as improvement of human living since these hybrid materials 
integrate inorganic and organic advantages in a single solid. Generally, the hybrid membranes are 
formed by adding inorganic components in polymeric materials which significantly improve the 
morphological structure and filtration properties. Furthermore, polymeric-ceramic hybrid 
materials give a wide applicability for membrane filtration ranging from MF to RO.  
De Medeiros, K. M., et al. (2017) published a research on feasibility of polyamide (PA) 
hybrid membranes in wastewater treatment.44 Briefly for membranes preparation, a dispersion 
blending montmorillonite (MMT) clay and porogenic agent (CaCl2 salt) was spread into 
polyamide 6 (PA6) solution by glass rods, and then the membranes were prepared by phase 
inversion technique. Compared to the neat PA membrane in Figure 2.4, the modified hybrid 
membrane possessed an increase in the amount and average diameter of pores with uniform 
distribution on the surface and cross-section, which resulted in to improved water-oil separation 
as compared to the neat PA membrane. 
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Figure 2.4: Scanning electron microscopic (SEM) images of: (A) neat PA membrane surface and 
(C) its cross-section, (B) PA/5% MMT membrane surface and (D) its cross-section.44 The 
reprinted with permission from Ref. 44. 
Another example to introduce hybrid membranes is Zirfon® membranes which were first 
developed in the 1990s by Doyen, W., et al. Zirfon® membranes were composed of a PSF matrix 
in which zirconia grains are finely dispersed.46 It was reported that this kind of hybrid membranes 
also has higher water flux than the neat PSF membrane. In Figure 2.5, the images displayed a 
rougher asymmetric structure with finger-like macro voids in the cross section and much more 
numbers and bigger size of pores on the surface of the Zirfon® membrane without cracks as 
compared to the traditional PSF membrane.20, 46 Size scale of the pores on the surface of the 
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Zirfon® membranes ranges from 2 to 10 nm due to the addition of the high content of inorganic 
material.20, 46  
 
Figure 2.5: Scanning electron microscopic (SEM) images of: (A) the typical PSF membrane 
surface and (C) its cross-section, (B) Zirfon® membrane surface and (D) its cross-section.20, 46 
The reprinted with permission from Ref. 20 and 46. 
In general, hybrid membrane preparation is considered one of the best solutions to avoid 
many inherent problems in current membranes and many researchers are contributing in this area 
by studying hybrid membrane advantages and prospects. Adding inorganic components into 
polymer matrix increases the size and number of pores, enhances mechanical strength of 
membranes, and further improves filtration properties of membranes such as water flux.  
 
 
2.3 Water filtration and separation 
2.3.1Membrane flow configurations 

0HPEUDQH IORZ FRQILJXUDWLRQV IRU ZDWHU ILOWUDWLRQ JHQHUDOO\ FDQ EH FODVVLILHG E\ WZR
PHPEUDQHSURFHVVHVZKLFKDUHGHDGHQGDQGFURVVIORZILOWUDWLRQVSUHVHQWHG LQ)LJXUHDQG
)LJXUH
)LJXUH  GHVFULEHV WKH GHDGHQG ILOWUDWLRQ LQ ZKLFK WKH IHHG SDVVHV SHUSHQGLFXODUO\
WKURXJK WKH PHPEUDQHV 'XH WR QR UHFLUFXODWLRQ RI WKH UHWHQWDWH D EXLOGXS RI SROOXWDQWV RQ
PHPEUDQHVXUIDFHUHGXFHVZDWHUSHUPHDELOLW\DQGORQJHYLW\RIWKHPHPEUDQHDQGSURFHVV7KXV
H[WHQVLYH PHPEUDQH IRXOLQJ DQG FRQFHQWUDWLRQ SRODUL]DWLRQ RQ WKH VXUIDFH DUH WZR PDLQ
GLVDGYDQWDJHV RI GHDGHQG ILOWUDWLRQ 7R VROYH WKHVH SUREOHPV LW LV QHFHVVDU\ WR FOHDQ RU
VXEVWLWXWHWKHPHPEUDQHE\DSHULRGLFLQWHUUXSWLRQRIWKHSURFHVV+RZHYHUGHDGHQGILOWUDWLRQLV
DQLGHDORSHUDWLRQLQODERUDWRU\GXHWRLWVVLPSOHDQGFKHDSVHWXS

)LJXUH 6FKHPDWLF GLDJUDPRIGHDGHQG ILOWUDWLRQ IRUZDWHUSXULILFDWLRQ7KHPHPEUDQH LQ
FURVVVHFWLRQDOPHPEUDQHLPDJHLVRQHW\SHRIILOWUDWLRQPHPEUDQHZLWKDV\PPHWULFPRUSKRORJ\
)LJXUH  GHVFULEHV FURVVIORZ ILOWUDWLRQ FDOOHG WDQJHQWLDO IORZ ILOWUDWLRQ 7)) ZKLFK
LQYROYHVWKHUHFLUFXODWLRQRIWKHUHWHQWDWH7KHIHHGIORZVRULHQWDWLRQLVDFURVVPHPEUDQHVXUIDFH
DQG WKHQ LW LVGLYLGHG LQWR WZRVWUHDPV7KH UHWHQWDWH FRQFHQWUDWHGVROXWLRQGRHVQRWSHUPHDWH
 
 
WKURXJK PHPEUDQHV LV UHFLUFXODWHG DQG EOHQGHG ZLWK IHHG ZDWHU ZKHUHDV SHUPHDWH IORZ LV
WUDFNHGRQ WKHRWKHUVLGHRIPHPEUDQHV7KLVFURVVIORZILOWUDWLRQPLQLPL]HVPHPEUDQH IRXOLQJ
DQGPDLQWDLQVDKLJKILOWUDWLRQUDWHGXHWRWKHVZHHSLQJHIIHFWVDQGKLJKVKHDUUDWHVRIWKHSDVVLQJ
IORZ
 
)LJXUH6FKHPDWLFGLDJUDPRIFURVVIORZILOWUDWLRQIRUZDWHUSXULILFDWLRQ7KHPHPEUDQH LQ
FURVVVHFWLRQDOPHPEUDQHLPDJHLVRQHW\SHRIILOWUDWLRQPHPEUDQHZLWKDV\PPHWULFPRUSKRORJ\
2.3.2 'RQQDQH[FOXVLRQSULQFLSOH 

'RQQDQH[FOXVLRQSULQFLSOHLVDVSHFLDOW\SHRILRQH[FKDQJHVHSDUDWLRQPHWKRGEDVHGRQ
WKH HOHFWURVWDWLF UHSXOVLRQ EHWZHHQ WKH VDPSOH LRQV DQG IL[HG LRQLF JURXSV RI DQ H[FKDQJHU
$QLRQVDUHVHSDUDWHGXVLQJDFDWLRQH[FKDQJHURUFDWLRQVXVLQJDQDQLRQH[FKDQJHU$FFRUGLQJWR
)LJXUH  VWURQJDFLG RU DONDOL LRQ H[FKDQJH UHVLQ LV UHJDUGHG DV VWDWLRQDU\SKDVH DQGZDWHU
XVXDOO\ DVPRELOHSKDVH LVSHUPLWWHG WRSDVV WKURXJK VHPLSHUPHDEOHPHPEUDQHV7KXVFDWLRQ
H[FKDQJHUHVLQZLWKFRYDOHQWO\DWWDFKHGIL[HGQHJDWLYHFKDUJHV5RUDQLRQH[FKDQJHUHVLQZLWK
IL[HGSRVLWLYHFKDUJHV5H[KLELWVVHPLSHUPHDEOHEHKDYLRUV,Q)LJXUHDFDWLRQH[FKDQJHU
ZLWKQRQGLIIXVLEOH5JURXSVUHMHFWVDTXHRXVSKDVHDQLRQV%EXWDOORZVFDWLRQVSHQHWUDWLQJ
 
 
0RUHRYHUDQDQLRQH[FKDQJHUZLWKQRQGLIIXVLEOH5JURXSVUHMHFWVDTXHRXVSKDVHFDWLRQV$
EXW DOORZV DQLRQV SHQHWUDWLQJ DQG DOORZ SDVVDJH RI ZDWHU LQ ERWK WKH FDVHV $V WKH VROXWH
EHFRPHVPRUHLRQL]HGWKH'RQQDQH[FOXVLRQHIIHFWLQFUHDVHVLQPDJQLWXGH

)LJXUH ,OOXVWUDWLRQVRIVHPLSHUPHDELOLW\DW LQWHUIDFHRI $DFDWLRQH[FKDQJHUZLWKQRQ
GLIIXVLEOH 5 JURXSV UHMHFWLQJ DTXHRXVSKDVH DQLRQV % DQG % DQ DQLRQ H[FKDQJHUZLWK QRQ
GLIIXVLEOH5JURXSVUHMHFWLQJDTXHRXVSKDVHFDWLRQV$3DVVDJHRIZDWHULVSHUPLWWHGLQERWKWKH
FDVHV
2.3.3 Types of filtration membranes 

)LOWUDWLRQPHPEUDQHVFDQEHJHQHUDOO\FODVVLILHGLQWRV\QWKHWLFPHPEUDQHVDQGELRORJLFDO
PHPEUDQHV 6\QWKHWLFPHPEUDQHV DUH XVXDOO\ FUHDWHG IRU VHSDUDWLRQ SXUSRVHV LQ ODERUDWRU\ RU
LQGXVWU\ $ IHHG ZLWK D PL[WXUH RI PROHFXOHV LV WUDQVSRUWHG WKURXJK GHQVH PHPEUDQHV E\
GLIIXVLRQ XQGHU GULYLQJ IRUFHV RI SUHVVXUH FRQFHQWUDWLRQ DQG HOHFWULFDO SRWHQWLDO JUDGLHQW 
7KHUH DUH EDVLFDOO\ IRXU NLQGV RI SUHVVXUHGULYHQ ILOWUDWLRQ SURFHVVHV IRU VHSDUDWLRQ LQ OLTXLG
 
 
SKDVH ZKLFK DUH PLFURILOWUDWLRQ 0) XOWUDILOWUDWLRQ 8) QDQRILOWUDWLRQ 1) DQG UHYHUVH
RVPRVLV 52 'HWDLO LQWURGXFWLRQ DERXW PHPEUDQH FODVVLILFDWLRQ DQG RSHUDWLRQ FRQGLWLRQ
LQIRUPDWLRQDUHVKRZQLQ)LJXUH

)LJXUH0HPEUDQHFODVVLILFDWLRQDQGRSHUDWLRQFRQGLWLRQLQIRUPDWLRQ7KHVFKHPDWLF
LPDJHVRIILOWUDWLRQPHPEUDQHVXVHRQHNLQGRIPHPEUDQHUHSUHVHQWDWLYHVZLWKDV\PPHWULFW\SH
RIPRUSKRORJ\DQGGHQVHV\PPHWULF52PHPEUDQH
7KHVH SURFHVVHV DUH GLVWLQJXLVKHG E\ DSSOLHG K\GUDXOLF SUHVVXUH 1HYHUWKHOHVV
PHPEUDQHV LQ QDWXUH SRVVHVV VHOHFWLYH SHUPHDELOLW\ EDVHG RQ PRODU PDVV SDUWLFOH VL]H DQG
FKHPLFDODIILQLW\RIIHHGVROXWHVDVZHOODV LQWHUDFWLRQEHWZHHQ WKHVROXWHVDQG WKHPHPEUDQH
HWF
2.3.3.1 Microfiltration (MF) 

0)XVXDOO\ VHUYHV DV D SUHWUHDWPHQW IRURWKHU WDLOVWHS VHSDUDWLRQSURFHVVHV RU DSRVW
WUHDWPHQWIRUJUDQXODUPHGLDILOWUDWLRQ0)LVQRUPDOO\XVHGXQGHUWKHSUHVVXUHORZHUWKDQEDU
03DDQGLWLVDYDLODEOHWRUHPRYHPLFURSDUWLFOHVVL]HDERXWWRȝPIURPDIOXLG
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by passing through a microporous membrane.45, 52 A typical MF membrane pore size ranges from 
0.1 to 10 μm.53 MF process has been widely used in water treatment, cold sterilization, petroleum 
refining, dairy processing, etc.  
2.3.3.2 Ultrafiltration (UF) 
 
Historically, UF membranes have been customary to refer to MF membranes in terms of 
their pore size in micrometer. UF is a pressure-driven filtration process ranging from 0.5 to 9 bar, 
and the smallest contaminants are rejected by UF are macromolecules in range of 5 – 100 nm. In 
comparison to MF membranes, UF membranes possess smaller size of pores to separate more 
kinds of contaminations from a fluid. Typical UF is widely used for purification of food materials 
and separation of proteins in food and dairy industries. 
2.3.3.3 Nanofiltration (NF)  
 
NF is operated under applied pressure (4 – 20 bar) and removes molecules about 0.5 to 5 
nm from a fluid by passing through a nanoporous NF membrane. According to Figure 2.9, low 
molecular organic compounds and multiply charged ions are not easy to go through NF 
membranes. Specific characteristics of NF membranes are mainly combination of very high 
rejection for multivalent ions (> 99%), low or moderate rejection for monovalent ions (0 – 70%), 
and a high rejection (> 90%) for organic compounds with molecular weight usually in range of 
150 – 300 g/mol.19 Nanofiltration is also widely used in water treatment, especially for surface 
water and fresh groundwater, food processing, and other applications.45 
 
 
 
 
2.3.3.4 Reverse osmosis (RO)  

8QOLNH 0) DQG 8) PHPEUDQHV 52 PHPEUDQHV DUH GHQVH PHPEUDQHV WKDW FRQVLVW RI
GHQVHVWUXFWXUHZLWKQRGHWHFWDEOHSRUHVDW OLPLWVRIHOHFWURQPLFURVFRS\7KHFURVVVHFWLRQDO
VWUXFWXUHV RI52PHPEUDQHV KDYH WZR W\SHV QDPHO\ V\PPHWULF DQG DV\PPHWULF VWUXFWXUHV DV
VKRZQLQ)LJXUH7KHW\SHLQ)LJXUH$KDVDXQLIRUPFRPSRVLWLRQDOORYHUWKHHQWLUH
FURVVVHFWLRQDQGWKHRWKHURQHLQ)LJXUH%FRQVLVWVRIDSRURXVVXSSRUWOD\HUFRYHUHGE\
D WKLQDQGGHQVHVHOHFWLYH OD\HU7KHVHVWUXFWXUHV LOOXVWUDWH WKDW52PHPEUDQHV FDQ UHMHFW YHU\
VPDOOFRQWDPLQDQWVOLNHPRQRYDOHQWLRQVQPIURPDIOXLGXQGHUYHU\KLJKSUHVVXUHLQWKH
UDQJHRI±EDU52WRGD\LVRQHRIOHDGLQJGHVDOLQDWLRQWHFKQRORJLHVDQGLWVOHDGHUVKLS
ZLOOEHH[SHFWHGWRPDLQWDLQLQWKHQHDUIXWXUH


)LJXUH  6FKHPDWLF GUDZLQJ RI $ GHQVH V\PPHWULF 52 PHPEUDQH DQG % GHQVH
DV\PPHWULF52PHPEUDQH
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3 Experimental section 
3.1 Materials 
 
Polysulfone (PSF; average Mw: 35,000 g/mol), Tetraethoxysilane (TEOS; Mw: 208.33 
g/mol), (3-Aminopropyl)triethoxysilane (APTES; Mw: 221.37 g/mol), 1,3-Propanesultone, N-
methyl-2-pyrrolidone (NMP), Bovine Serum Albumin (BSA), Congo red, methylene blue, n-
octanol, commercial polyethersulfone (PES) membrane (Z269204), and all other chemicals were 
purchased from Sigma-Aldrich, Inc. (St. Louis, Missouri, USA) and used as received. Non-
woven 2413 as membrane support was kindly provided by Freudenberg Filtration Technologies, 
Germany. For all purposes, Millipore water was used.  
PSF is particularly interesting for UF membrane preparation because of its high 
mechanical strength, resistance to compaction and heat, chemical stability, and the ability to work 
in a wide range of pH values.23, 26, 54 However due to its hydrophobic properties, solute adsorption, 
biofilm formation, and thus a severe performance loss during water filtration application are 
observed.23-26 Several methods have been introduced to enhance the hydrophilicity of PSF 
membranes ranging from chemical modification, surface modification, blending of hydrophilic 
polymers, addition of nanomaterials as well as carbon-based materials, etc.16, 26-27, 55-59  One of the 
most extensively studied methods is to use inorganic nanoparticles as potential fillers to improve 
the properties of PSF membranes.16, 23, 57, 60-62 Among them, SiO2 is the most favorable inorganic 
additive because of its low cost, easy synthesis, good size control, and surface reactivity.60 
 
  
 
 
3.2 Theme of the experiment 

+LJKO\ K\GURSKLOLF DQG IRXOLQJUHVLVWDQW SRO\VXOIRQH 36)VLOLFD EDVHG QDQRFRPSRVLWH
XOWUDILOWUDWLRQ PHPEUDQHV ZHUH SUHSDUHG XVLQJ D QRYHO RQHSRW PHWKRG E\ FRPELQLQJ SKDVH
LQYHUVLRQDQGQDQRSDUWLFOHIRUPDWLRQLQRQHVWHS7KHVFKHPDWLFURXWHIRUWKHWKHPHRIWKLVZRUN
LVVKRZQLQ)LJXUH7KHPHPEUDQHIRUPLQJVROXWLRQSUHSDUHGE\PL[LQJGLIIHUHQWDPRXQWVRI
VLOLFDSUHFXUVRUVZLWK36)VROXWLRQLQ1PHWK\OS\UUROLGRQH103ZDVFDVWRQDQRQZRYHQ
VXSSRUWDQGLPPHUVHGLQWRDQDTXHRXVEDWKIRUSKDVHLQYHUVLRQDQGVLOLFDQDQRSDUWLFOHIRUPDWLRQ
DW WKHVDPHWLPH7KHPHPEUDQHPRUSKRORJLHVVLOLFDQDQRSDUWLFOHVGLVWULEXWLRQK\GURSKLOLFLW\
DQG FKDUJH QDWXUH ZHUH FRPSUHKHQVLYHO\ LQYHVWLJDWHG XVLQJ VFDQQLQJ HOHFWURQ PLFURVFRS\
DWRPLF IRUFH PLFURVFRS\ HQHUJ\ GLVSHUVLYH ;UD\ VSHFWURVFRS\ WUDQVPLVVLRQ HOHFWURQ
PLFURVFRS\ DQG FRQWDFW DQJOH DVZHOO DV ]HWD SRWHQWLDOPHDVXUHPHQWV 7KHZDWHU IOX[ ERYLQH
VHUXPDOEXPLQSURWHLQDGVRUSWLRQDQGUHMHFWLRQDVZHOODVUHMHFWLRQRI&RQJRUHGDQGPHWK\OHQH
EOXHG\HVZHUHDVVHVVHGVKRZLQJLWVDSSOLFDELOLW\LQILOWUDWLRQDQGVHSDUDWLRQWHFKQRORJLHV

)LJXUH6FKHPDWLFURXWHIRUWKHWKHPHRIWKLVZRUN


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3.3  Membrane preparation 
 
The homogeneous membrane solution obtained after stirring was allowed to stand at room 
temperature for overnight to get rid of air bubbles. Before film casting, the non-woven fabric 
support pasted on glass plate was wetted with NMP to minimize the intrusion of polymer solution. 
After wiping out the surface of non-woven support, the membrane solution was cast using doctor 
blade. The film was dried at room temperature for 30 seconds before putting it into a water bath 
(pH 2) for phase inversion and silica nanoparticle formation. The film was kept in the bath for 2 
hours, followed by washing with a copious amount of water to remove the solvent, acid, and any 
other unreacted components. Finally, the membranes were stored in double deionized water. The 
membranes prepared were designated as PSF-X-Y, where X is the name abbreviation of the silica 
precursor, and Y is the weight percentage of the silica precursor to PSF (where Y is 5, 10, 15, and 
20). 
 
Figure 3.2: Schematic route for the fabrication of hybrid membrane. 
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The presence of hydrophilic silica precursor during phase inversion not only enhances the 
solvent diffusion from film but also provides pathways for water to penetrate into film. 
Furthermore, it leads to the formation of hydrophilic silica nanoparticles and lots of holes in PSF 
membrane matrix. Therefore, the enhanced hydrophilicity due to the presence of precursor and 
the formation of the more hydrophilic silica nanoparticles accelerates the exchange of non-
solvent with solvent, causing the membrane to precipitate more rapidly.  
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3.4 Characterization of membranes 
 
For water purification application, characteristics of membranes are rather important. 
Therefore, in this work, a combination of several different analytic and physicochemical 
techniques was used to characterize membranes and analyze their properties. Characterization of 
the membranes was performed using scanning electron microscopy (SEM), energy dispersive X-
ray spectroscopy (EDX), transmission electron microscopy (TEM), atomic force microscopy 
(AFM), dynamic light scattering (DLS), water uptake and porosity measurements, contact angle 
measurements, and zeta potential measurements. Ultraviolet-visible absorbance spectroscopy was 
in addition applied for detecting solute concentration of permeate. 
3.4.1 Scanning electron microscopy (SEM) 
 
Scanning electron microscopy (SEM) provides a direct and effective approach to observe 
morphologies of membrane surface and cross-section. A typical SEM setup consists of a source 
of electron (electron gun), electron manipulation system (condenser lens, scanning coils, and 
objective lens), beam-specimen interaction (specimen chamber), detection system (detection of 
electrons and X-ray), and image generation system (signal processing, display, and recording). A 
schematic representation of an SEM instrumentation is shown in Figure 3.3.63  
In SEM measurement, electrons from a thermionic or field-emission cathode are 
accelerated by a voltage of 1 – 50 kV between the cathode and anode to form an electron beam. 
The electron beam with a cross-section diameter of the order of 10 – 50 µm for thermionic and 10 
– 100 nm for field-emission guns, is demagnified by an electron manipulation system.64 
 
 

)LJXUH6FKHPDWLFUHSUHVHQWDWLRQRI6(0LQVWUXPHQWDWLRQ
7KHHOHFWURQPDQLSXODWLRQV\VWHPFRQVLVWVRIRQHRUWZRFRQGHQVHUOHQVHVFRSSHUFRLOV
DQGRQHREMHFWLYHOHQV7KHOHQVHVJHQHUDWHPDJQHWLFILHOGVWKHFRQGHQVHUOHQVHVDUHLQYROYHGLQ
GHPDJQLILFDWLRQ DQG WKH REMHFWLYH OHQV IRFXVHV WKH EHDP RQ WKH VSHFLPHQ ,Q DGGLWLRQ WKH
VFDQQLQJ FRLOV DUH XVHG WR PRGXODWH WKH PDJQLILFDWLRQ RI 6(0 LPDJHV IRU H[DPSOH WKH
PDJQLILFDWLRQ FDQ EH LQFUHDVHG VLPSO\ E\ GHFUHDVLQJ WKH VFDQFRLOV FXUUHQW :KHQ WKH ILQDO
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at 3 kV in InLens mode, after sputter coating of a 3 nm platinum layer. The Everhart-Thornley 
Detector (ETD) or so-called inlens detector is used for detecting secondary electron and 
backscattered electron in SEM InLens mode. Cross-section images were obtained after breaking 
the membranes in liquid nitrogen. 
3.4.2 Energy dispersive X-ray spectroscopy (EDX) 
 
X-rays are photons. The atomic electrons are initially excited into higher-energy states by 
an electron beam. The excited atoms (strictly, ions) then relax back to their lowest energy state 
(the ‘ground’ state), shedding their excess energy in the form of X-rays.69 
Energy dispersive X-ray spectroscopy (EDX) measures X-ray signals and analyzes 
characteristic X-rays of elements. It provides a means of rapidly evaluating the elemental 
constituents of a specimen and gives accurate quantitative analysis. In an electron microscopy, a 
focused electron beam interacts with the atoms in a sample and element-specific X-rays are 
generated which can be detected with an energy-dispersive spectrometer coupled to a scanning 
electron microscope (SEM) or a transmission electron microscope (TEM).45 The EDX (Figure 
3.5 (B)) is comprised of a sensitive X-ray detector, a liquid nitrogen (LN2) dewar for cooling, 
and a software to collect and analyze energy spectra. The most common detectors are made of 
Si(Li) crystals mounted at the end of the detector located closest to the sample. The Si(Li) crystal 
is cooled by a cold finger and an extension of the LN2 dewar, and the Si(Li) crystal operates at 
low voltages to improve sensitivity. Liquid nitrogen cools and therefore stabilizes the electronic 
properties of the crystal, improving the measurements of minute X-ray signals. When X-rays 
strike the Si(Li) crystal, very small signals are produced. These signals are amplified in the 
detector and sent on to the analysis electronics in a computer for further processing.  
 
 
7KHJHQHUDWLRQRIWKH;UD\VLQDQ(';LVDVWHSSURFHVVLQ)LJXUH$,QWKHILUVW
VWHSWKHHOHFWURQEHDPKLWVWKHVDPSOHDQGWUDQVIHUVSDUWRILWVHQHUJ\WRWKHDWRPVRIWKHVDPSOH
7KLVHQHUJ\FDQEHXVHGE\WKHDWRPLFHOHFWURQVH[FLWHGLQWRKLJKHUHQHUJ\VWDWHV³MXPSLQJ´WR
KLJKHUHQHUJ\ VKHOO RU EH NQRFNHGRII IURP WKH DWRP ,I VXFK D WUDQVLWLRQ RFFXUV WKH HOHFWURQ
OHDYHVEHKLQGDKROH7KHKROHKDVDSRVLWLYHFKDUJHDWWUDFWLQJWKHQHJDWLYHO\FKDUJHGHOHFWURQV
IURPKLJKHUHQHUJ\VKHOOVLQWKHVHFRQGVWHSRIWKH;UD\JHQHUDWLRQ:KHQDQHOHFWURQIURPVXFK
D KLJKHUHQHUJ\ VKHOO ILOOV WKH KROH RI WKH ORZHUHQHUJ\ VKHOO WKH HQHUJ\ GLIIHUHQFH RI WKLV
WUDQVLWLRQFDQEHUHOHDVHGLQWKHIRUPRIDQ;UD\

)LJXUH$3ULQFLSOHJUDSKDQG%VFKHPDWLFUHSUHVHQWDWLRQRI(';LQVWUXPHQWDWLRQ
,QWKLVZRUNHOHPHQWFRPSRVLWLRQRIWKHPHPEUDQHVZDVVWXGLHGE\HQHUJ\GLVSHUVLYH;
UD\ VSHFWURVFRS\ ('; LQ 8OWUD 3OXV 6(0 &DUO =HLVV 0LFURVFRS\ *PE+ 2EHUNRFKHQ
*HUPDQ\HTXLSSHGZLWK%UXNHU;)ODVK)(';VSHFWURPHWHU%UXNHU1DQR*PE+%HUOLQ
*HUPDQ\


34 
 
3.4.3 Transmission electron microscopy (TEM) 
 
Transmission electron microscopy (TEM) can detect objects to the order of a few 
angstroms (0.1 nm).45, 72-73 It can be used to study small details in a cell or different materials 
down to near atomic levels. The possibility for high magnifications has made TEM a valuable 
tool in medical, biological and materials research. 
In TEM, A high-energy electron beam is transmitted through a very thin sample, and the 
interactions between the electrons and the atoms can be used to observe features in the structure 
of the sample.72-73 A TEM (Figure 3.6) consists of an electron gun, a condenser system, an 
image-producing system, and an image-recording system. The electron gun produces the electron 
beam, and the beam is focused onto a specimen by the condenser system. The image-producing 
system consists of an objective lens, movable specimen stage, and intermediate and projector 
lenses, which focus the electrons passing through the specimen to form a real, highly magnified 
image. The image-recording system converts the electron image into some form perceptible to 
human eye, and it usually consists of a fluorescent screen for viewing and focusing the image and 
a digital camera for permanent records.  
In the case of TEM, the complete signals are also generated by the electron-specimen 
interactions, as shown in Figure 3.7. Compared with SEM, the sample of TEM is thin so that 
there is a transmitted beam. For imaging purposes, only the forward scattered electrons are of 
interest in TEM. There are two main types of scattered electrons: elastically scattered electrons 
and inelastically scattered electrons. The former one mainly represents coherent scattering with 
no loss of energy; the other one always represents incoherent scattering with very low angle 
scattering and its energy is lower than the incident beam. The specimen is often an ultra-thin 
section less than 100 nm thick or a suspension on a grid. Therefore, the inconvenience of this 
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For TEM analysis in this work, the membranes were embedded in epoxy and thin sections 
(~70 nm) were cut by a diamond knife using a Leica UC6 Ultramicrotome (Leica Microsystems 
GmbH. Wetzlar, Germany) and transferred onto a TEM grid. The solution with dispersed 
nanoparticles was drop cast on a TEM grid. TEM images and elemental maps were obtained 
using Libra 200 TEM (Carl Zeiss Microscopy GmbH, Oberkochen, Germany) equipped with an 
energy filter. 
3.4.4 Atomic force microscopy (AFM) 
 
Atomic force microscopy (AFM) is a very high-resolution type of scanning probe 
microscopy to generate images at atomic resolution. A fraction sample is measured by AFM 
“touching” or “feeling” the surface with a mechanical probe. There are three imaging mode types 
of AFM, namely contact mode AFM, tapping mode AFM and non-contact mode AFM.76  
One of the most important AFM portions is a cantilever (Figure 3.8) typically made of 
silicon or silicon nitride. An extremely sharp tip at nanoscale is mounted in the tiny cantilever 
spring as a probe to scan a specimen surface. When the tip is brought into proximity of a sample 
surface by vertically moving the scanner at each (x, y) data point, the forces between the tip and 
the specimen then lead to a deflection. The deflection is measured using a laser spot reflected 
from the top surface of the cantilever into an array of photodiodes.77 Depending on the situation, 
the tip-specimen forces measured in AFM include mechanical contact force, van der Waals 
forces, capillary forces, chemical bonding, electrostatic forces, magnetic forces, etc.77 The 
distance that the scanner moves vertically at each (x, y) data point is stored by a computer to form 
the topographic image of the sample surface.  
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resolution” images. In addition, the normal forces of tip-sample interaction can be high in the air 
due to capillary forces from the adsorbed fluid layer on the sample surface. Therefore, the 
combination of the lateral forces and the normal force of tip-sample interaction can result in 
reduced spatial resolution and may damage soft samples due to scraping between the tip and 
sample. These disadvantages can be avoided by using tapping AFM mode or non-contact AFM 
mode.77 
(2) In tapping AFM mode, by maintaining a constant oscillation amplitude, the tip 
lightly “taps” on the sample surface during scanning in the ambient or liquid environment, 
contacting the surface at the bottom of its swing. When imaging in air, the typical amplitude of 
the oscillation allows the tip to contact the surface through the adsorbed fluid layer without 
getting stuck. And in liquid, the oscillation need not be at the cantilever resonance. The feedback 
loop maintains a constant oscillation amplitude by maintaining a constant RMS of the oscillation 
signal acquired by the split photodiode detector. By maintaining the constant oscillation 
amplitude, a constant tip-specimen interaction is maintained during imaging. The cantilever is 
oscillated at or slightly below its resonance frequency with an amplitude ranging typically from 
20 nm to 100 nm. Due to the lower normal forces and the lateral forces virtually eliminated in the 
case of tapping AFM mode, there is non-destruction and no scraping for soft samples. This mode 
possesses a higher lateral resolution on most samples, but the scanning speed in tapping AFM 
mode is slightly slower than in contact AFM mode. 
(3) In non-contact mode AFM, the tip oscillates above the adsorbed fluid layer on the 
surface without contacting during scanning. The cantilever is oscillated with an amplitude of a 
few nanometers (< 10 nm) and its resonant frequency is decreased by the van der Waals forces, 
which extend from 1 nm to 10 nm above the adsorbed fluid layer, and by other long-range forces 
which extend above the surface. The decrease in resonant frequency causes the amplitude of 
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oscillation to decrease. The feedback loop maintains a constant oscillation amplitude or 
frequency by vertically moving the scanner at each (x, y) data point until a “setpoint” amplitude 
or frequency is reached.77 However, there are several disadvantages of non-contact AFM mode. 
Firstly, it possesses lower lateral resolution due to tip-sample separation. Secondly, slow scan 
speed is used to avoid contacting the adsorbed fluid layer, otherwise, the contacting often results 
in the tip getting stuck. The scan speed in non-contact AFM mode is slower than in tapping AFM 
mode and contact AFM mode. Finally, non-contact AFM mode is only operated on extremely 
hydrophobic samples, because the adsorbed fluid layer on the samples is at a minimum. If the 
fluid layer is too thick, the tip becomes trapped in the adsorbed fluid layer causing unstable 
feedback and scraping the samples. 
For AFM measurements in this work, small pieces of the membranes were glued to a 
glass slide with double-sided tape. The measurements were done in the peak force tapping mode 
by a Dimension ICON (Bruker-Nano, USA). Silicon nitride sensors SCANASYST-AIR (Bruker, 
USA) with a nominal spring constant of 0.4 N/m were used, and the tip radius is 2 nm. The peak 
force set point was 0.025 V. The analysis (pore diameter) was done by the program NanoScope 
Analysis (Bruker-Nano, USA). 
3.4.5 Dynamic light scattering (DLS)  
 
Dynamic light scattering (DLS) is a most widely used technique in physics for measuring 
the size of colloidal particles in suspension.79  
In theory, DLS methods monitor temporal behavior of the intensity of scattered light.79 
During this measurement, the particles suspended in a fluid move randomly, it is known as 
Brownian motion. Then photons are scattered by particles in Brownian motion, yielding scattered 
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equation (Equation 3).63 It is important to note that the size determined by dynamic light 
scattering is the size of a sphere that moves in the same manner as a scatterer. 
             𝐷 =
𝑘𝐵𝑇
6𝜋𝜂𝑟
                                                                                                                        (Equation 3) 
where kB is Boltzmann’s constant, T is the absolute temperature, and η is the medium dynamic 
viscosity.84 
Since the scattering particles are in Brownian motion, fluctuations in the scattered 
intensity with time are directly reflected and the intensity is measured by a detector at a given 
scattering angle. This causes the intensity of scattered light to fluctuate as a function of time. The 
dynamic information of the particles is derived from an autocorrelation of the intensity trace 
recorded during the experiment.63 The correlator used in the DLS instrumentation will construct 
the correlation function G(τ) of the scattered intensity: 
             𝐺(𝜏) =< 𝐼(𝑡)𝐼(𝑡 + τ) >                                                                                              (Equation 4) 
where τ is the delay time of the correlator. 
For a large number of monodisperse particles in Brownian motion, the correlation 
function G(τ) is an exponentially decaying function of the correlator time delay (τ) as described 
by the following equation. 
             𝐺(𝜏) = 𝐴[1 + 𝐵𝑒𝑥𝑝(−2Γ𝜏)]                                                                                      (Equation 5) 
where A is the baseline of the correlation function, B is intercept of the correlation function, and 
Γ is decay rate given as follows. 
             𝛤 = 𝐷𝑞2                                                                                                                           (Equation 6) 
where D is the sample diffusion coefficient, and q is wave vector given by the following equation. 
             𝑞 =
4𝜋𝑛
𝜆0
𝑠𝑖𝑛
𝜃
2
                                                                                                                  (Equation 7)    
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EHDPDQGWKHQLPSLQJHVRQWKHVFDWWHULQJPHGLXP$SRODUL]HULVPRXQWHGLQWRWKHDWWHQXDWRUNLW
ZKLFK UHJXODWHV WKH DPRXQW RI WKH LQFLGHQW EHDP 7KH VFDWWHUHG OLJKW WKHQ SDVVHV WKURXJK DQ
DQDO\]HUZKLFKVHOHFWVDJLYHQSRODUL]DWLRQDQGILQDOO\HQWHUVDGHWHFWRU7KHGHWHFWRULVORFDWHG
DW SDUWLFXODU DQJOH ș  RU  WKLV DQJOH LV DOVR NQRZQ DV WKH VFDWWHULQJ DQJOH ș 7KH
VFDWWHULQJ LQWHQVLW\ VLJQDO IURP WKH GHWHFWRU LV SDVVHG WR D FRUUHODWRU $IWHU WKH FRUUHODWRU
FRPSDUHVWKHVFDWWHULQJLQWHQVLW\ZLWKWLPHDQGGHULYHVWKHUDWHRILQWHQVLW\IOXFWXDWLRQV7KHILQDO
LQIRUPDWLRQLVIXUWKHUSDVVHGWRDFRPSXWHUWRDQDO\]HWKHK\GURG\QDPLFGLDPHWHURISDUWLFOHV

)LJXUH2SWLFDOFRQILJXUDWLRQVRI'/6LQVWUXPHQWDWLRQ
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In this work, the DLS measurements were performed using Zetasizer NanoZS with 633 
nm He-Ne-laser, NIBS®-Technology, Malvern Instruments at 25 degrees Celsius. Before the size 
measurements, the samples were thermally equilibrated for 2 min, and data were acquired by 
averaging 25 measurements, with a 5 s integrating time for each measurement. 
3.4.6 Water uptake and porosity measurements  
 
The water uptake property of the membranes was determined gravimetrically. The dry 
weight of the membranes was obtained by drying in a vacuum oven at 60 ℃ till a constant weight 
is reached. After that, the dried membranes were immersed in deionized water for 24 h, and the 
wet weight was recorded after wiping out the surficial water. The water uptake value was 
calculated using following equation:26 
             Water uptake (φw, %) =
Ww−Wd
Wd
× 100                                                               (Equation 9) 
where Ww and Wd are the wet and dry weight of the membranes, respectively. The final water 
uptake value was obtained by averaging the results from 3 samples of each membrane. 
The porosity of membranes was estimated by immersing the samples of known mass into 
n-octanol for 2 h. The wetted samples were wiped with filter paper and weighed to record the 
absorption of n-octanol. The porosity was calculated using following equation86:  
             Porosity (ε, %) =  
𝑚𝑜 𝜌𝑜⁄
𝑚𝑜 𝜌𝑜⁄ + 𝑚𝑝 𝜌𝑝⁄
 × 100                                                           (Equation 10) 
where mp is the mass of membrane, mo is the mass of absorbed n-octanol,  ρp is the density of 
PSF, and ρo is the density of n-octanol.   
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3.4.7 Contact angle measurement 

&RQWDFWDQJOHșLVWKHDQJOHFRQYHQWLRQDOO\PHDVXUHGWKURXJKWKHOLTXLGZKHUHDOLTXLG
YDSRU LQWHUIDFHPHHWVD VROLG VXUIDFH )LJXUH :KHQD OLTXLG / LVEURXJKW WR WKH
FRQWDFWRIDVROLGVXUIDFH6WKHJLYHQV\VWHPRIVROLGOLTXLGDQGYDSRUDWDJLYHQWHPSHUDWXUH
DQGSUHVVXUHKDV DQHTXLOLEULXPFRQWDFWDQJOH<RXQJ¶V HTXDWLRQ LV WKHEDVLV IRUDTXDQWLWDWLYH
GHVFULSWLRQRIWKHZHWWDELOLW\RIDVROLGVXUIDFHE\DOLTXLG7KHHTXLOLEULXPFRQWDFWDQJOHșLV
GHWHUPLQHGE\<RXQJ¶VHTXDWLRQDVIROORZV
ɀ௦௩ ൌ ɀ௦௟ ൅ ɀ௟௩  ߠ ሺͳͳሻ
ZKHUHɀ௦௟LV WKHLQWHUIDFLDO WHQVLRQEHWZHHQVROLGDQGOLTXLGɀ௦௩DQGɀ௟௩DUHWKHVXUIDFHWHQVLRQV
RIWKHVROLGDQGOLTXLGDJDLQVWWKHYDSRUUHVSHFWLYHO\)LJXUH)RU<RXQJ¶VHTXDWLRQLIWKH
LQWHUIDFLDOWHQVLRQRIWKHVROLGVXUIDFHLVKLJKHUWKDQWKDWRIWKHVROLGOLTXLGLQWHUIDFHɀ௦௩ ൐ ɀ௦௟
WKHQFRVșKDVWREHSRVLWLYHDQGWKHFRQWDFWDQJOHLVVPDOOHUWKDQVRWKHOLTXLGSDUWLDOO\ZHWV
WKH VROLG ,I WKH LQWHUIDFLDO WHQVLRQ RI WKH VROLG VXUIDFH LV ORZHU WKDQ WKDW RI WKH VROLGOLTXLG
LQWHUIDFH ɀ௦௩ ൏ ɀ௦௟ WKH FRQWDFW DQJOHZLOO H[FHHG EHFDXVH FRVș KDV WR EH QHJDWLYH ,Q D
VWULFWVHQVHWKHWHUPV³FRPSOHWHZHWWLQJ´LVXVHGIRUș ³:HWWLQJ´PHDQVșDQG³QRW
ZHWWLQJ´LQGLFDWHVWKDWș!7KHUHIRUHWKHVXUIDFHZLWKORZHUFRQWDFWDQJOHSRVVHVVHVKLJKHU
K\GURSKLOLFLW\

)LJXUH6FKHPDWLFUHSUHVHQWDWLRQRIDOLTXLGGURSRQDVROLGVKRZLQJWKHTXDQWLWLHVLQ
<RXQJ
VHTXDWLRQ
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In water treatment, hydrophilic membranes have some obvious advantages. Firstly, 
hydrophilic membranes possess high permeability under applied pressure. Secondly, the 
hydrophilic surface tends to resist attachment of organics, and such a surface is referred to as a 
low fouling surface. Furthermore, reduced fouling can extend lifetime of membranes, save energy 
and reduce operating cost. Therefore, it is important to determine the membrane hydrophilicity to 
investigate the relationship between membrane performance and its surface characteristics. In this 
work, the contact angles with water can be used to assess hydrophobicity or hydrophilicity of the 
prepared membranes’ surface. The contact angle of the membrane was measured with an optical 
contact angle measurement system (Data Physics OCA40, Germany) using a sessile drop method 
at five different places on the same membrane sample. The sessile drop method is applied by a 
contact angle goniometer using an optical subsystem to capture the profile of a pure liquid on a 
solid substrate.87 
3.4.8 Zeta potential measurement 
 
Zeta potential (ζ) is the electric potential developed at solid-liquid interface, and it is 
caused by the net electrical charge contained within the region bonded by the slipping plane as 
shown in Figure 3.12.19, 89 Therefore, zeta potential can give the information about the surface 
charge of a membrane.19  
Electrokinetic analyzer enables the investigation of electrokinetic effects at the solid-
liquid interface via zeta potential measurements. In the measurement system, an electronic double 
layer (EDL) is formed on the surface of sample as shown in Figure 3.12.89 EDL mostly is 
defined by the Stern model combining earlier models of Helmholtz and Gouy-Chapman. There 
are two layers can be described in EDL: stern layer and diffuse layer. Stern layer occurs in next to 
the surface of the sample, and ions are bound to the surface very firmly to neutralize the charge of 
 
 
WKHVXUIDFH6WHUQOD\HURFFXUVGXHWRWKHDEVRUELQJDQG&RXORPELQWHUDFWLRQ'LIIXVHOD\HUZLWK
VOLSSLQJSODQHUHJDUGHGDVUHJLRQERXQGDU\RFFXUVQH[WWRWKHVWHUQOD\HU$QGERWKSRVLWLYHDQG
QHJDWLYHFKDUJHVFDQEHVHHQLQGLIIXVHOD\HUZKHUHLRQVGLIIXVHXQGHUWKHLQIOXHQFHRIHOHFWULF
DQGWKHUPDOPRWLRQ7KH]HWDSRWHQWLDOLVWKHHOHFWULFSRWHQWLDODWWKHORFDWLRQRIWKHVOLSSLQJSODQH
7KHHOHFWULFSRWHQWLDOGHFUHDVHVOLQHDUO\IURPVXUIDFHSRWHQWLDOWRVWHUQSRWHQWLDOIXUWKHULWGHFD\V
H[SRQHQWLDOO\WR]HURLQWKHGLIIXVHOD\HU)LJXUHVFKHPDWLFDOO\VKRZVWKHGLVWULEXWLRQRI
LRQV DW WKH VXUIDFH RI D QHJDWLYHO\ FKDUJHG PHPEUDQH 7KH VXUIDFH FKDUJH LPSOLHV GLIIHUHQW
IRXOLQJ WHQGHQFLHV *HQHUDOO\ PHPEUDQH PDWHULDOV FDUU\ D QHJDWLYH FKDUJH DW QHXWUDO S+
WKHUHIRUHLWSUHYHQWVUDSLGGHSRVLWLRQRIQDWXUDORUJDQLFPDWWHUIRXODQWVRQWKHPHPEUDQHVXUIDFH
E\FKDUJHGUHSHOOHQFH

)LJXUH  6FKHPH RI WKH GLVWULEXWLRQ RI LRQV DW WKH VXUIDFH RI D QHJDWLYHO\ FKDUJHG
PHPEUDQH
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For flat membranes, zeta potential can be observed by measuring the streaming potential 
across a fluid shear plane at the surface. A streaming potential is generated when an ionic 
solution is forced to flow between two parallel membranes, and electrodes detect the difference in 
streaming potential. The value of zeta potential cannot be measured directly from the experiments, 
but can be calculated by the Helmholtz-Smoluchowski equation as described below.90-92 
             ζ =
λη
ε
ϕst
ΔΡ
                                                                                                                     (Equation 12) 
where λ is the liquid conductivity, η is the liquid viscosity, ε = εrε0, εr and ε0 are the liquid and 
vacuum permittivity, respectively, ϕst is the streaming potential, and ΔP is the hydrodynamic 
pressure difference.93 Zeta potential is affected by the chemical structure, the asymmetric nature, 
the porosity and pore geometry of the membranes, as well as the nature of the ions in the 
electrolyte solution.45  
In this work, trans-membrane streaming potential measurement of the membranes was 
carried out with an electrokinetic analyzer (EKA, by Anton Paar GmbH, Graz, Austria) using a 
special cell for small flat pieces developed and constructed at the Leibniz Institute of Polymer 
Research, Dresden, Germany.94 The zeta potential (ζ) was calculated according to Equation 12. 
3.4.9 Ultraviolet-visible absorbance spectroscopy 
 
Ultraviolet-visible absorbance spectroscopy (UV-Vis) refers to absorption spectroscopy in 
the ultraviolet-visible spectral region.95-96 Atoms and molecules undergo electronic transitions in 
the region of the electromagnetic spectrum. Absorption spectroscopy deals with transitions from 
the ground state to the excited state.95 Since the energy of the light is absorbed by the atoms or 
molecules, the electronic transitions generate which excite the atomic electrons into higher-
energy states. To minimize effects of reflection, scatter and absorption by the solvent, it is 
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designed to examine a blank sample under the same conditions. The transmission of the solution 
and hence the absorption by the solute can thus be determined.96 This method is most often used 
in a quantitative way to determine concentrations of an absorbing species in solution, using the 
Beer-Lambert law: 
             𝐴 = log (
𝐼0
𝐼
)
10
 
= 𝜀𝑐𝑙                                                                                                  (Equation 13) 
where I0 is the intensity of the incident light at a given wavelength, I is the intensity of 
transmitted light, and A is the measured absorbance, l is the path length through the sample, c is 
the concentration of the absorbing species, and ε is the molar absorptivity constant.  
In this work, monochromator based microtiter plate reader Tecan Infinite M200 PRO 
(Tecan, Austria) was used to perform UV-visible absorbance studies. Schematic representation of 
the instrumentation of UV-visible setup was shown in Figure 3.13. Absorbance of sample was 
done in 96 well UV transparent plates (Sigma, Germany). The instrumentation of microtiter plate 
for UV visible measurement consists of a light source, excitation monochromator, absorbance 
optics, and absorbance measurement module.63 Condenser focuses the light through a filter and 
then through an excitation monochromator. A fiber bundle then guides the light from the 
excitation monochromator to the absorbance optics. The absorbance optics consists of a pair of 
lenses focusing the light beam into the well of the microplate. The absorbance measurement 
module is located underneath the plate carrier. A silicon photodiode as an absorbance 
measurement detector measures the light being transmitted through the sample. Before 
measurement of the microplate, a reference measurement is performed with the plate carrier 
moved out of the light beam. Finally, all signals send to a computer to complete calculation and 
give an ultraviolet-visible absorbance spectroscopy. 
 
 
 

)LJXUH6FKHPDWLFUHSUHVHQWDWLRQRILQVWUXPHQWDWLRQRI89YLVLEOHVHWXSLQPLFURWLWHUSODWHG
UHDGHU5HIHUHQFH8VHU0DQXDORI7HFDQ,QILQLWH3527HFDQ$XVWULD
 
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3.5 Filtration and fouling studies 
 
 Membrane filtration has become an accepted process for drinking water treatment, but 
membrane fouling remains a significant problem.97 Therefore, the permeability, fouling 
resistance, and rejection performance are three key properties of membranes for water 
purification application. 
3.5.1 Pure water flux measurement 
 
Pure water flux measurements were performed by using a Millipore dead-end stirred cell 
with 10 mL volume and 3.80 cm2 effective membrane area (Amicon 8010, Millipore Co., USA), 
and the pressure for flux measurement was adjusted by regulated nitrogen pressure. Figure 3.14 
shows the schematic diagram of typical dead-end membrane filtration system. High-pressure 
nitrogen gas forces a liquid from a pressure vessel into the dead-end cell. In the dead-end cell, the 
liquid under the given pressure passes through a membrane, and the permeated water (permeate) 
is generated and then measured for subsequent calculation. The flux measurements were carried 
out under the different varying pressure ranging from 0.5 to 3 bar after allowing the flux to be 
stabilized at 3.5 bar (1 bar = 0.1 MPa). The pure water flux (Jw) was determined by measuring the 
pure water volume obtained at different applied pressure and calculated by using the following 
equations:22 
             Pure water flux (Jw, Lm
−2h−1) =
V
A ∆t
                                                                (Equation 13) 
where V (L) is the volume of permeated water, A (m2) is the area of the membrane and Δt (h) is 
the time required to collect the sample volume of permeated water. 
 
 

)LJXUH6FKHPDWLFGLDJUDPRIGHDGHQGPHPEUDQHILOWUDWLRQV\VWHP
3.5.2 Fouling study 

)RXOLQJSUREOHPRIWHQRFFXUVRQPHPEUDQHV)RXOLQJLVWKHPDLQUHDVRQIRUWKHGHFUHDVH
LQ ZDWHU IOX[ RI PHPEUDQHV DQG LV PDLQO\ FDXVHG E\ SUHFLSLWDWLRQ RI LQRUJDQLF FRPSRQHQWV
GHSRVLWLRQ RI RUJDQLF PDWWHU IRXODQWV RU SRVVLEO\ JURZWK RI EDFWHULD RQ PHPEUDQH VXUIDFH
ELRIRXOLQJ)OX[GHFOLQHDQGIRXOLQJFDQOHDGWRHQHUJ\DQGFRVWFRQVXPSWLRQLQFUHDVHV
IRUH[DPSOHE\FKHPLFDOFOHDQLQJDQGKLJKHUDSSOLHGSUHVVXUHV7KHUHIRUHIRXOLQJVWXG\SOD\V
DQLPSRUWDQWUROHLQPHPEUDQHVIRUZDWHUILOWUDWLRQDQGVHSDUDWLRQ
3.5.2.1 Protein adsorption study  

)RXOLQJ RQ PHPEUDQH VXUIDFHV ZHUH HYDOXDWHG E\ PHDQV RI SURWHLQ DGVRUSWLRQ DQG
ILOWUDWLRQ H[SHULPHQWV 7KH TXDQWLWDWLYH DGVRUSWLRQ RI SURWHLQ ZDV FDUULHG RXW XQGHU DPELHQW
FRQGLWLRQ E\ SXWWLQJ WKHPHPEUDQH VDPSOHV RI WKH NQRZQ DUHD LQWR JP/%6$ VROXWLRQ
XQGHU FRQWLQXRXV VKDNLQJ IRUKRXUV7KHFKDQJHV LQ WKH%6$FRQFHQWUDWLRQ LQ VROXWLRQZHUH
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analyzed by UV-vis spectroscopy. The apparent amount of BSA adsorbed on the membrane 
surface was calculated according to the following equation:26  
             BSA adsorption capacity (µg cm−2) =
C0 − Cf
A
                                                 (Equation 14) 
where C0 and Cf are the initial and final BSA concentration in solution, respectively, and A is the 
area of the membrane used for the adsorption process. 
3.5.2.2 Flux recovery study 
 
The antifouling property of prepared membranes was also evaluated in terms of the 
percentage of pure water flux recovery after allowing fouling by BSA solution (pH 7.4) filtration. 
The experiment setup of flux recovery measurement is the same as that of pure water flux 
measurement and its schematic diagram is shown in Figure 3.14. Before fouling, the pure water 
flux of the membranes prepared was evaluated at 3 bar pressure for 2 hours. Then 0.5 g L-1 BSA 
solution was used as the initial BSA fouling solution and filtered through the membrane at 3 bar 
pressure for 2 hours. Afterwards, pure water flux was again evaluated for the fouled membrane 
under the similar condition after washing several times with Millipore water. The extent of flux 
recovery was calculated using the following formula:100 
             Flux recovery (FR, %) =
Jv
Jw
× 100                                                                        (Equation 15) 
where Jw and Jv are the pure water fluxes of the sample membranes before and after fouling, 
respectively. 
3.5.3 Rejection performance 
 
In pressure-driven membrane filtration processes, pressure exerted on wastewater at one 
side of membrane serves as a driving force to separate the wastewater into permeate and retentate. 
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The permeate is usually cleaned water, whereas the retentate is concentrated wastewater that 
needs further treatment. Foulants retained in the permeate are based on membrane properties such 
as pore size, morphology, hydrophilicity, charge in nature, etc., as well as foulants properties 
such as species, molecule size, charge in nature, etc. The separation efficiency is expressed by 
rejection of a given compound.20  
The rejection performance of the membranes in this work was tested using BSA (0.5 mg 
mL-1 at pH 7.4), Congo red (10 ppm), and methylene blue (20 ppm) solution at 3 bar applied 
pressure. The experiment setup of the rejection measurement is also the same as that of the pure 
water flux measurement and its schematic diagram is shown in Figure 3.14. The permeate 
samples were collected after stabilization of flux and concentration of solutes in permeate to 
avoid the discrepancies due to adsorption on the membranes. The percentage of rejection was 
calculated according to the following equation: 101 
             Rejection (R, %) = (
Cf − Cp
Cf
) × 100                                                                    (Equation 16) 
where Cf and Cp are the concentration of solutes in feed and permeate, respectively. 
Concentration polarization on the membrane surface was minimized by vigorous stirring of the 
solution over the membrane. The experiment was repeated three times, the permeate solution was 
collected and was analyzed by UV-Vis spectroscopy. 
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4 Results and discussion 
4.1 PSF membrane and commercial PES membrane 

36) LV SDUWLFXODUO\ LQWHUHVWLQJ IRU 8) PHPEUDQH SUHSDUDWLRQ EHFDXVH RI LWV KLJK
PHFKDQLFDOVWUHQJWKUHVLVWDQFHWRFRPSDFWLRQDQGKHDWFKHPLFDOVWDELOLW\DQGWKHDELOLW\WRZRUN
LQDZLGHUDQJHRIS+YDOXHV+RZHYHUGXHWRLWVK\GURSKRELFSURSHUWLHVVROXWHDGVRUSWLRQ
ELRILOP IRUPDWLRQ DQG WKXV D VHYHUH SHUIRUPDQFH ORVV GXULQJ ZDWHU ILOWUDWLRQ DSSOLFDWLRQ DUH
REVHUYHG,QDGGLWLRQWKHVWDWHRIWKHDUWPHPEUDQHVXVHGLQZDWHUSXULILFDWLRQVXIIHUVIURP
VHYHUDO LQKHUHQWSUREOHPVVXFKDVKLJKIRXOLQJ ORZSHUPHDWLRQKLJKHQHUJ\FRQVXPSWLRQDQG
FRVW6LQFHSRO\HWKHUVXOIRQH3(6KDVDVLPLODUFKHPLFDOVWUXFWXUHDVFRPSDUHGWR36))LJXUH
WKHQHFHVVDU\FRPSDULVRQEHWZHHQFRPPHUFLDO3(6PHPEUDQHDQGSUHSDUHG36)PHPEUDQH
IRUZDWHUSXULILFDWLRQZDVUHSRUWHGLQWKHQH[WVHFWLRQV
$ %
        
3RO\HWKHUVXOIRQH3(63RO\VXOIRQH36)
)LJXUH&KHPLFDOVWUXFWXUHVRI$3(6DQG%36)
4.1.1 Solution and membrane preparation 

36)VROXWLRQZWZDVSUHSDUHGE\GLVVROYLQJ36)LQWR103XQGHUFRQVWDQWVWLUULQJ
IRUK LQD WLJKWO\ VHDOHGYHVVHO WRDYRLGPRLVWXUH7KHKRPRJHQHRXVVROXWLRQREWDLQHGDIWHU
VWLUULQJZDV WKHQ DOORZHG WR VWDQG DW URRP WHPSHUDWXUH IRU RYHUQLJKW WRJHW ULG RI DLU EXEEOHV
$IWHUVROXWLRQSUHSDUDWLRQ WKH36)PHPEUDQHZDVSUHSDUHGIROORZLQJ WKHVWHSV LQ 6HFWLRQ
PHPEUDQHSUHSDUDWLRQ
56 
 
4.1.2 SEM characterization 
 
The surface and cross-sectional morphologies of prepared PSF and commercial PES 
membranes obtained with SEM are shown in Figures 4.2. The prepared PSF membrane shown in 
Figure 4.2 (A) exhibited an asymmetric type of morphology with a porous top layer and 
interconnected macro voids in the bottom layer. The macro voids did not compromise the 
mechanical stability of the membrane. The surface and cross-section morphology of neat PSF 
membrane indicate a porous and smooth top layer without any cracks and a cross-section with a 
gradient in pore sizes. The size and number of pores of prepared PSF membrane were much 
smaller and less than that of commercial PES membrane in Figure 4.2 (B).  
The surface and cross-section morphologies of commercial PES membrane were shown in 
Figure 4.2 (B). The images exhibited a totally different structure from the prepared PSF 
membrane. The surface and cross-section of the commercial PES membrane possess the same 
structures like sponge with on cracks and similar pores in micrometer size. In addition, the 
commercial PES membrane possesses lots of voids which are much bigger than the prepared PSF 
membrane. All of the pores were connected with each other building an opened porous space. 
The sponge structure can result in the compromise of the mechanical stability of the commercial 
PES membrane; it further has an influence on the voids during filtration operation under high 
pressure such as reducing feed flux.  
 
 
 
 
)LJXUH6FDQQLQJHOHFWURQPLFURVFRSLFVXUIDFHOHIWDQGFURVVVHFWLRQDOULJKWLPDJHVRI$
36)PHPEUDQHDQG%FRPPHUFLDO3(6PHPEUDQH
4.1.3 AFM characterization 

7KH VXUIDFH VWUXFWXUH RI WKH SUHSDUHG 36) DQG FRPPHUFLDO 3(6 PHPEUDQHV ZDV DOVR
FKDUDFWHUL]HG XVLQJ $)0 DQG WKH UHVXOWV DUH LQFOXGHG LQ)LJXUH  7KH VXUIDFH WH[WXUH DQG
PRUSKRORJ\RIWKHPHPEUDQHVZHUHFRQVLVWHQWZLWKWKH6(0UHVXOWV$SDUWIURPWKHELJJHUSRUHV
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4.1.4 Application of water purification 
4.1.4.1 Pure water flux measurements 

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membrane, flux was stabilized within 15 minutes without any considerable change in the initial 
flux. This indicated that the prepared PSF membrane possessed much higher stability than the 
commercial PES membrane. The final pure water flux results exhibit that prepared PSF 
membrane has slightly lower pure water flux as compared to the commercial PES membrane, 
which can be attributed to the nanoscale size and distribution of pores.  
  
Figure 4.4: Pure water flux data for PSF and commercial PES membranes as a function of 
pressure. 
4.1.4.2 Protein adsorption and flux recovery studies 
 
To assess the actual antifouling properties, two techniques were adopted, namely protein 
adsorption in solution and dead-end filtration using bovine serum albumin (BSA) protein.  
The BSA adsorption data on membranes shown in Figure 4.5 indicate the difference in 
protein adsorption resistance of the membranes. The lower protein adsorption on the commercial 
PES membrane as compared to our own prepared PSF membrane can be attributed to the 
hydrophilic coatings to enhance the flux in commercial membranes. Further, the pores were 
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larger than in commercial membrane leading to the easy transmission and cleaning after protein 
adsorption. Furthermore, in comparison to the total BSA content (875 μg/cm2) in one adsorption 
operation, the adsorption of prepared PSF membrane is also very low. 
  
Figure 4.5: BSA protein adsorption on the surfaces of prepared PSF and commercial PES 
membranes in bulk solution. 
The antifouling behavior of both membranes was studied by the protein adsorption 
experiments using concentrated BSA solution under real filtration conditions. The flux recovery 
data were analyzed by determination of the protein adsorption and irreversible fouling layer 
formation by proper cleaning of the membranes after the BSA filtration. The flux recovery data 
of the membranes were tested by permeation properties with pure water, BSA protein solution, 
and pure water again. After introducing the BSA solution, a steep decline in flux can be attributed 
to the increase in solution viscosity and adsorption of BSA molecules on the surface and inside 
the pores of membrane under pressure. To find out the effect of reversible adsorption on the 
membranes, the pure water flux was again recorded after cleaning the membranes, and the flux 
recovery results of the prepared PSF and the commercial PES membranes were depicted in 
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Figure 4.6. The better flux recovery was obtained for the commercial PES membrane, indicating 
a higher degree of reversible fouling on its surface than the PSF membrane, which is consistent 
with the results of protein adsorption. 
  
Figure 4.6: Pure water flux recovery of the membranes after fouling with BSA under dead-end 
filtration mode. 
4.1.4.3 Rejection performance 
 
The rejection performance of the PSF and PES membranes was tested using BSA protein 
and dye (Congo red and methylene blue) solutions. The data are shown in Figure 4.7. The 
rejection of dye molecules was lower as compared to the BSA protein rejection, which can be 
explained by the size difference between BSA and dye molecules (BSA > dye molecule of Congo 
red or methylene blue). The solute hydrodynamic size and molecular weight play a very 
important role when the rejection is largely driven by physical sieving. Membrane pore size and 
thickness of the upper separation layer will also influence the rejection behavior of the 
membranes. The slightly different rejection for Congo red in comparison to methylene blue can 
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be ascribed to its colloidal nature, charge nature and molecular weight difference. The higher 
rejection of PSF membrane for BSA, Congo red and methylene blue in comparison to the 
commercial PES membrane can be attributed to pore size and structure of the membranes. 
  
Figure 4.7: Rejection performance of the prepared PSF and commercial PES membranes for 
BSA, Congo red, and methylene blue solutions. 
4.1.5 Conclusion 
 
In summary, PSF ultrafilter membranes were prepared in laboratory as a reference membrane and 
compared with the commercially available PES membrane. Based upon the SEM and AFM 
results, unlike the sponge-like structure of the commercial PES membrane, the prepared PSF 
membranes exhibit an asymmetric structure with a dense skin layer, followed by finger-like 
porous structure in the support layer. Since the much smaller pores in top layer, the prepared PSF 
membrane exhibit better rejection performance as compared to the commercial PES membrane. 
Due to the relative attractive properties (high roughness, high stability, good rejection, etc.), the 
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prepared PSF membrane offers the feasibility as one material of polymeric membrane matrix for 
the further research and membrane development.  
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4.2 PSF-TEOS membrane  
4.2.1 Solution preparation 
 
PSF solution (20 wt.%) was prepared by dissolving PSF into NMP under constant stirring 
for 24 h in a tightly sealed vessel to avoid moisture. After that, the desired amount of TEOS (5, 
10, 15 and 20 wt.%) was added into the PSF solution to make the final solution concentration 15 
wt.%. This solution was further stirred for overnight to get a homogeneous PSF-TEOS solution. 
The homogeneous solution obtained after stirring was allowed to stand at room temperature for 
overnight to get rid of air bubbles and then was used for the preparation of membranes. 
4.2.2 Membrane preparation 
 
In this work, PSF-TEOS nanocomposite ultrafilter membranes were prepared by 
simultaneous phase inversion and nanoparticle formation. The TEOS molecules homogeneously 
mixed with PSF solution undergo a sol-gel process and form silica nanoparticles distributed 
homogeneously in the membrane matrix. The overall membrane preparation process is 
schematically depicted in Section 3.3. The number of nanoparticles formed in the membrane 
matrix was largely dependent upon the amount of TEOS into the film-forming solution, as well 
as on film preparation methodology, drying time, and pH of non-solvent bath. The film was 
prepared by solution casting over a pre-wetted non-woven fabric support using a film casting 
knife set at a gate height of 200 μm. Afterwards, the solvent was allowed to evaporate for 30 s, 
during which the concentration of the polymer in the air-film interface increased. After 
membrane casting, fast evaporation of NMP led to the formation of asymmetric membrane 
morphology with smaller pores in the top layer. Also, during the drying time, moisture can be 
absorbed on the film surface which can initiate the hydrolysis of TEOS even before putting in the 
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water bath. After drying the film was immersed into an acidic water bath (maintained at pH 2 by 
adding HCl solution) for simultaneous phase inversion and nanoparticle formation. The 
penetration of acidic water into the film starts hydrolyzing TEOS, which led to the formation of 
nanoparticles (Figure 4.8).102 Since the TEOS and SiO2 have higher affinity to water than the 
PSF matrix, the water penetration can be much higher than in the pure PSF membrane. Also, the 
membranes with higher concentration of TEOS might have faster phase inversion as compared to 
the ones with lower TEOS concentration. The presence of hydrophilic TEOS in membranes helps 
in water penetration as well as in NMP diffusion from membrane matrix. Therefore, the average 
pore size of the membranes with TEOS was larger than that of the neat PSF membrane. The 
formation of silica nanoparticles in PSF membrane matrix resulted in more hydrophilic and 
porous membrane. 
 
Figure 4.8: Schematic route of TEOS hydrolysis for the fabrication of the PSF-TEOS composite 
membranes. 
4.2.3 Membrane characterization 
4.2.3.1 SEM characterization 
 
The surface and cross-sectional morphologies of PSF-TEOS membranes obtained with 
SEM are shown in Figure 4.9 and Figure 4.10. All membranes exhibited an asymmetric type of 
morphology with a porous top layer and interconnected macro voids in the bottom layer. The 
macro voids did not compromise the mechanical stability of the membrane. The surface and 
cross-section morphologies of neat PSF membrane shown in Figure 4.2 (A) in Section 4.1.2 
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indicate a porous and smooth top layer without any cracks and a cross-section with a gradient in 
pore sizes. The number of pores was smaller as compared to other prepared PSF-TEOS 
membranes. Most of the pores were isolated with no accessible pores on the top making them a 
closed porous space. These pores have little or no effect on the overall permeation property of the 
PSF membrane.  
The presence of hydrophilic TEOS in cast film not only enhances the solvent diffusion 
from the film but also provides pathways for water to penetrate. The enhanced hydrophilicity due 
to the presence of TEOS and the formation of the more hydrophilic silica nanoparticles 
accelerates the exchange of non-solvent with solvent, causing the membrane to precipitate more 
rapidly. This resulted in a highly porous surface and interconnected membrane matrix. The 
surface and cross-section images of the PSF-TEOS membranes depicted in Figure 4.9 and 4.10 
indicate that the overall morphology of the membranes was asymmetric in nature, consisting of a 
dense skin layer on top, a porous sublayer, and a small portion of sponge-like bottom layer. The 
surface porosity of the PSF-TEOS membranes was obviously higher than the PSF membrane. 
Smallest visible pores are in the range of 5 to 10 nm with the highest number of pores in the PSF-
TEOS-20 membrane. The SiO2 nanoparticles could not be resolved in SEM images, however, 
EDX indicated homogeneous Si distribution on the surface as well as in cross-section. Thus, in 
this method of membrane preparation, no exclusion or aggregation of nanoparticles was found in 
SEM images which otherwise is a problem in direct mixing of preformed nanoparticles. The 
cross-section images of composite membranes clearly indicate the formation of macro voids 
which were interconnected by small voids and channels. 
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Figure 4.9: Scanning electron microscopic surface images of: (A) PSF-TEOS-5; (B) PSF-TEOS-
10; (C) PSF-TEOS-15; and (D) PSF-TEOS-20. 
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Figure 4.10: Scanning electron microscopic cross-sectional images of: (A) PSF-TEOS-5; (B) 
PSF-TEOS-10; (C) PSF-TEOS-15; and (D) PSF-TEOS-20. 
4.2.3.2 Silica nanoparticles distribution 
 
The distribution of silica nanoparticles in the membrane matrix was evaluated by SEM, 
TEM and EDX studies and the results are presented in Figure 4.11 and Figure 4.12. Highly 
magnified SEM images did not reveal any nanoparticles – neither in topography nor in material 
contrast. However, EDX proved homogeneous distribution of Si over the surface as well as in 
cross-section of the membrane. However, the resolution is limited and individual particle cannot 
be resolved. TEM revealed porous structure of the membrane matrix and small SiO2 
nanoparticles (Figure 4.12 (A)). Additionally, a small piece of the nanocomposite membrane was 
dissolved in an appropriate volume of NMP to get dilute solution and the solution was drop-cast 
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on a TEM grid and dried. The images (Figure 4.12 (B)) revealed the presence of a network of 
coalesced nanoparticles. Figure 4.12 (C) highlights this network by side-by-side comparison of 
two images energy filtered below (85 eV energy loss) and above (135 eV energy loss) Si-L23 
ionization edge (100 eV). Dynamic light scattering (DLS) result of the membrane solution 
(Figure 4.13) shows 3 peaks. The peak around 10 – 20 nm corresponds to the particles found in 
Figure 4.12 (A), the peak around 200 nm – 300 nm corresponds to the agglomerates of coalesced 
nanoparticles with polymer (one such agglomerate is displayed in detail in Figure 4.12 (B)), and 
the two agglomerates found in Figure 4.12 (A) would fit into the third peak at several 
micrometers in DLS. 
In summary, the silica penetrates the whole material of the membrane as a network of 
coalesced nanoparticles (Figure 4.12 (A), (B)) with occasional isolated nanoparticles 10 – 20 nm 
big (Figure 4.12 (A)), which may form some rarely occurring agglomerates (Figure 4.12 (A)). 
When the membrane is dissolved, it breaks into agglomerates with a size of 200 – 300 nm. 
 
 

)LJXUH$2YHUYLHZ(';DQDO\VLVRI36)7(26PHPEUDQHVSHFLPHQFRDWHGZLWK3W
7KH ('; VSHFWUXP RULJLQDWHV IURP WKH DUHD PDUNHG E\ WKH UHFWDQJOH LQ WKH JUH\OHYHO 6(0
LPDJH7KHFRORUHGLPDJHVDUHHOHPHQWDOPDSVRI&266LDVLQGLFDWHGE\WKHODEHOV([FHSW
IRUDJJORPHUDWHVRIVLOLFDWKH6LLVKRPRJHQHRXVO\GLVWULEXWHG%+LJKHUPDJQLILFDWLRQ(';
DQDO\VLV RI 36)7(26 PHPEUDQH VSHFLPHQ FRDWHG ZLWK & $QQRWDWLRQ LV DQDORJRXV WR
ILJXUH$
 
 

 
 

 
 

)LJXUH 7(0 LPDJHV DQGHOHPHQWDOPDSV IURP HQHUJ\ILOWHUHG7(0 LPDJHV $RI36)
7(26 PHPEUDQH UHYHDOLQJ LQWHUQDO SRURVLW\ RI WKH PHPEUDQH PDWHULDO 6L LV GLVWULEXWHG
KRPRJHQHRXVO\H[FHSWIRUVHYHUDOEULJKWVSRWVRQWKH6LPDSZLWKKLJKHU6LFRQFHQWUDWLRQ%RI
SDUWLFOHV IRUPHGE\GLVVROXWLRQRI WKHPHPEUDQH LQ103DQG & ,PDJHVRI WKHVDPHDUHDDV
GLVSOD\HG LQ % UHFRUGHGDW DQHQHUJ\ ORVVRIH9DQGH97KHGLIIHUHQFH LQ WKHVH WZR
LPDJHVKLJKOLJKWVWKHORFDWLRQRIVLOLFD


74 
 
   
Figure 4.13: Size of the silica nanoparticles in PSF-TEOS membrane obtained in DLS after 
dissolution in NMP.  
4.2.3.3 AFM characterization 
 
The surface structure of the prepared PSF-TEOS membranes was also characterized using 
AFM and the results are included in Figure 4.14. The surface texture and morphology of the 
membranes were consistent with the SEM results. Apart from bigger pores seen in SEM surface 
images, nanopores were also clearly visible in AFM images. With increasing TEOS content, the 
texture of the surface was also found to be changed and a rougher surface was observed for PSF-
TEOS-20 membranes than all other PSF-TEOS membranes. Pore size in the top layer of the 
membrane was also calculated by choosing a defined area and counting the number of pores and 
their diameter. The average pore size for the membranes is shown in Figure 4.14 (E). An 
increasing diameter in pore size was observed with increasing TEOS concentration which can be 
attributed to the faster penetration of non-solvent during the phase inversion process. The biggest 
pore size was found for PSF-TEOS-20 membrane among the neat PSF and PSF-TEOS 
membranes. The steep increase in pore size for PSF-TEOS-20 membrane may also be due to 
leaching out of some TEOS during the phase inversion process.                                                                    
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4.2.3.4 Water uptake, porosity, and contact angle measurements 
 
The hydrophilic properties of the filtration membranes have direct consequences on their 
permeation and fouling tendencies. Membranes with highly hydrophilic surfaces possess better 
antifouling properties and allow faster permeation of water. The homogeneous distribution of 
nanosized silica particles in the membrane matrix enhances water absorption manifold (Table 2). 
This can be attributed to the interaction and holding of water by the free hydroxyl groups on 
silica nanoparticles. The small size and good distribution of nanoparticles also positively affects 
the water absorption. The water absorption by the membranes is directly related to the TEOS 
concentration, and more than 8 fold increase was observed for PSF-TEOS-20 membrane as 
compared to the neat PSF membrane.  
The porosity of the membranes was indirectly evaluated using n-octanol solvent to avoid 
the high absorption of water due to hydrophilic silica nanoparticles.  The data reported in Table 2 
indicates that there was no change in overall porosity of the membranes prepared under similar 
conditions. The porosity for all membranes remains almost constant in between 70 – 73%. The 
slight increase in porosity for TEOS containing membranes may be due to the formation of more 
voids and channels during phase inversion by fast migration of water molecules.  
The contact angle data of the membranes shown in Table 2 are consistent with the high 
water absorption by the nanocomposite membranes.  The reduction in water contact angle with 
increasing silica content directly indicates the presence and exposure of silica nanoparticles on 
the membrane surface. Unlike to the water absorption experiments which involve the whole 
matrix of the membrane, in case of contact angle experiments the properties largely depend on 
the outer surface of the membrane. The presence of silica nanoparticles exposed directly to the 
water is very important for making the membrane surface highly hydrophilic. Thus, a reduction 
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of 32 degrees in contact angle for the PSF-TEOS-20 membrane with respect to the neat PSF 
membrane is quite important and will be beneficial in repelling foulants from the surface.   
The porosity data along with water uptake and contact angle values indicates interesting 
behavior of the prepared membranes. The membranes with similar porosity can absorb water 
more than 7 times, which can have direct influence over the water permeation. Since the 
membrane with TEOS shows high hydrophilicity and water uptake, their water transport 
properties can be much higher than neat PSF membrane having almost similar porosity.   
Table 2: Water uptake, porosity, and contact angle data of the prepared PSF and PSF-TEOS 
membranes. 
Membrane 
Water uptake 
(wt.%) 
Porosity 
(%) 
Contact angle 
(𝜃, degree) 
PSF 6.9 70.7 82 
PSF-TEOS-5 15.9 72.7 76 
PSF-TEOS-10 30.2 72.8 65 
PSF-TEOS-15 41.6 72.9 55 
PSF-TEOS-20 49.2 73.0 50 
 
4.2.3.5 Zeta potential measurements 
 
The surface charge of membranes is one of the most important properties which 
influences fouling and solute rejection behavior during separation and water purification 
applications. The surface charge properties of the PSF-TEOS membranes were determined by 
evaluating zeta potential as a function of pH in 0.001 mol/L KCl solution at room temperature.  
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The zeta potential vs pH curves shown in Figure 4.15 indicate that the neat PSF and PSF-TEOS 
membranes possess very low positive and high negative potential values over the studied pH 
range. The neat PSF membrane shows a typical potential curve with an isoelectric point at pH 
~3.39. The isoelectric point (pI) of a membrane is the pH at which the surface carries no net 
electrical charge (surface charge is zero).19 The overall zeta potential curve for PSF can be 
attributed to the adsorption of electrolyte and ions due to the low hydration, and the membrane 
behavior is weakly acidic.103 With increasing silica content in the membranes, the isoelectric 
points slightly increase from pH 3.43 to 3.48. This increase can be attributed to the presence of 
more hydroxyl groups on the membrane surfaces. The general behavior of the zeta potential 
curves of the nanocomposite membranes was almost similar and no significant change was 
observed below the isoelectric point. However, after the isoelectric point, a significant shift to 
negative potential can be clearly seen with the increasing silica content. This effect also can be 
attributed to the presence of hydroxyl groups and their hydration followed by adsorption of 
counterions. In this case, the effect of the surface charge density on the base dissociation (release 
of OH-) was considered to be enhanced when the surface charge density is negative (negative site 
predominates), and the hydroxyl groups (silanol groups) on silica nanoparticles surfaces and on 
the membrane surfaces dissociate as acids. Therefore, it can be concluded that the surfaces of the 
developed membranes have negative charges throughout the pH and the charges decrease with 
the silica content.   
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Figure 4.15: Zeta potential vs. pH curves showing the charge nature of the membranes. 
4.2.4  Application for water purification 
4.2.4.1 Pure water flux measurements 
 
The size and distribution of hydrophilic nanoparticles in the membranes and their 
exposure to water molecules enhance the interaction as well as the flow through the membrane 
pores.57, 104 Since the silica nanoparticles formed in situ were distributed on the surface as well as 
on the walls of the pores, the developed membranes are highly hydrophilic and permeable to 
water molecules. The pure water flux of all membranes under different pressure is displayed in 
Figure 4.16. The more than 3 times increase in pure water flux for the PSF-TEOS-20 membrane 
as compared to the neat PSF membrane at 3 bar pressure is directly confirming the positive 
effects of silica particles. The presence of nanosized silica particles enhances the hydrophilicity 
due to the presence of free hydroxyl groups which facilitates the water molecules absorption, 
diffusion, and permeation in the membrane. In addition, the silica-containing membranes also 
possess high porosity and finger-like interconnected channels which make it easier for the water 
80 
 
molecules to flow. The above reasons lead to a steady increase in water permeation through the 
membranes with increasing silica content in the membrane matrix. Thus, the mixing of the 
precursor TEOS in PSF solution and in situ synthesis of the silica nanoparticles during phase 
inversion constitutes a good methodology to fabricate nanocomposite membranes as compared to 
the simple blending of preformed nanoparticles. 
 
Figure 4.16: Pure water flux data for the prepared PSF and PSF-TEOS membranes as a function 
of pressure. 
4.2.4.2 Protein adsorption and flux recovery studies 
 
The hydrophobic nature of the PSF membrane makes it prone towards adsorption of 
almost all types of foulants such as proteins, carbohydrates, colloidal particles, etc. This leads to 
the formation of a foulant layer on the membranes followed by growth of microorganism and 
biofilm formation. To reduce fouling hydrophilic modification has been recognized as one of the 
main tools to form a molecular water layer over the membrane and thus resist the adsorption of 
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foulants. In this work, the homogeneously distributed silica nanoparticles are supposed to 
enhance the antifouling properties of the prepared membranes considering the strong decline in 
contact angle and high-water permeation with these membranes. To assess the actual antifouling 
properties, two techniques were adopted, namely protein adsorption in solution and dead-end 
filtration using bovine serum albumin (BSA) protein.  
The BSA adsorption data on membranes shown in Figure 4.17 confirm the improvement 
in protein adsorption resistance of the silica-containing membranes. Almost 5 times decrease in 
protein adsorption on the PSF-TEOS-20 membranes as compared to the neat PSF membranes can 
be attributed to the presence of well-distributed silica nanoparticles on the exposed areas of the 
membranes like surfaces and pore walls. The silica particles with free hydroxyl groups in 
aqueous medium form a thin hydrate layer of water molecules which exhibit high repulsion to 
hydrophobic protein and thus prevent attachment or penetration into the membrane pores.105 The 
formation and homogeneous distribution of extremely small silica particles is the main reason for 
enhancement of the protein resistance up to this magnitude in the prepared membranes. 
  
Figure 4.17: BSA protein adsorption on the membranes in bulk solution. 
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The low fouling behavior of the prepared membranes observed in the protein adsorption 
experiment was again assessed under real filtration conditions by using BSA solution of 
relatively high concentration. The flux recovery data depicted in Figure 4.18 were analyzed by 
determination of the protein adsorption and irreversible fouling layer formation by proper 
cleaning of the membranes after the BSA filtration. During the experiment, Steep decline in flux 
after introducing the BSA solution can be attributed to the increase in solution viscosity and 
adsorption of BSA molecules on the surface and inside the pores under pressure. To find out the 
effect of reversible adsorption on the membranes, the pure water flux was again recorded after 
cleaning the membranes, and the data show that all membranes were able to recover up to a 
certain extent only. Again, the silica content in the membranes has a direct effect on the recovery 
performance of the membranes. The maximum flux recovery was obtained for PSF-TEOS-20 
membrane, indicating a high degree of reversible fouling on the surface of this membrane. 
Similar to the protein adsorption case, the high reversible nature of silica containing membranes 
can be directly related to the presence of hydrophilic components in the membranes. This 
hydrophilic nature of the membranes leads to the formation of “a hydrate layer” at the interface in 
aqueous environment which hinders the protein molecules to penetrate and reach the membrane 
surface.59, 101, 106-107 As can be seen, the PSF-TEOS-20 membrane possesses highest flux recovery 
of around 80% due to its higher hydrophilicity, which suggests that this kind of membrane can be 
reversible in nature up to a large extent under protein filtration and fouling.  
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Figure 4.18: Pure water flux recovery of the membranes after fouling with BSA under dead-end 
filtration mode. 
4.2.4.3 Rejection performance 
 
The rejection performance of all the prepared membranes was tested using BSA protein 
and dye (Congo red and methylene blue) solutions. The data are shown in Figure 4.19. The 
rejection of dye molecules was lower as compared to the BSA protein, which can be explained by 
the size difference between the BSA, Congo red, and methylene blue. The hydrodynamic size and 
molecular weight play a very important role when the rejection is largely driven by physical 
sieving. Under the experimental condition (pH 7.4) BSA is negatively charged and the membrane 
surface zeta potential was also negative. This may in addition enhance the rejection by 
electrostatic repulsion, and thus a high protein rejection through the silica-containing membranes 
is achieved. Additionally, the formation of a hydrate layer on the hydrophilic surface also repels 
the organic molecules. Membrane pore size and thickness of the upper separation layer will also 
influence the rejection behavior of the prepared membranes. The much lower rejection for dye 
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molecules can be also attributed to the smaller molecular weights of the dyes as compared to 
BSA. The slightly different rejection for Congo red in comparison to methylene blue can be 
ascribed to its colloidal nature, charge nature and molecular weight difference. For reducing dye 
rejection of PSF-TEOS-20 as compared to PSF-TEOS-15, the bigger size pores influenced this 
result to a great extent. 
  
Figure 4.19: Rejection performance of the prepared membranes for BSA, Congo red, and 
methylene blue solutions. 
4.2.5 Conclusion 
 
In summary, a facile one-pot nanocomposite ultrafiltration membrane preparation method 
using simultaneous phase inversion and in situ silica nanoparticles formation was reported. The 
silica nanoparticles were generated during the phase inversion under acidic condition by 
hydrolysis and polycondensation reaction of TEOS precursor mixed with PSF solution. The 
properties and structure of membranes were characterized by different analytic and 
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physicochemical techniques. The prepared membranes exhibit an asymmetric nature with a dense 
skin layer, followed by finger-like porous structure at the bottom. The microscopic and elemental 
analysis confirmed the presence and homogeneous distribution of nanoscopic small silica 
particles throughout the membrane matrix. The membranes show high hydrophilicity, high water 
uptake, good antifouling properties, and good rejection performance (especially against proteins). 
The overall membrane properties were highly dependent on the concentration of the silica 
nanoparticles and can be tuned by adjusting the initial TEOS concentration during membrane 
formation. The low protein fouling, high water permeation, protein rejection, and flux recovery 
results make those membranes attractive for separation and filtration applications. Thus, the 
prepared membranes can be used in different applications ranging from separation of 
biomolecules, desalination/purification of water, and for other charge and size-based separation 
processes.  
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4.3 PSF-APTES membrane  
4.3.1 Solution preparation 
 
PSF solution (20 wt.%) was prepared by dissolving PSF into NMP under constant stirring 
for 24 h in a tightly sealed vessel to avoid moisture. After that the desired amount of APTES (5, 
10, 15 and 20 wt.%) was added into the PSF solution to make the final solution concentration 15 
wt.%. This solution was further stirred for overnight to get a homogeneous PSF-APTES solution. 
The final homogeneous solution was then allowed to degas at room temperature for overnight to 
remove any trapped air bubbles.101 
4.3.2 Membrane preparation 
 
The polymer-inorganic nanocomposite membranes were prepared by simultaneous phase 
inversion and nanoparticle formation. The detailed procedure for the preparation of the porous 
polymer-inorganic nanocomposites membrane was reported in Section 3.3. The ultimate 
structure and properties of the membranes were impacted by the category and concentration of 
polymer (PSF; 15 wt.%), evaporation time (30 s), initial casting thickness setting (200 μm), and 
so on. The membrane solutions were obtained by dissolving PSF into NMP, then adding the 
desired amount of APTES into it. NMP used as a solvent in this work will be beneficial in the 
microphase separation of PSF and APTES during dissolving, exploiting the ability of NMP to 
dissolve diverse materials.  
The thickness of skin layer with small pores can be adjusted by drying time; long time of 
drying lead to thick top layer, vice versa. During the 30 s drying time, fast evaporation of NMP 
led to the formation of asymmetric membrane morphology with smaller pores in the top layer, 
whilst the moisture absorbed in the top layer of the film led to initiate the hydrolysis of APTES, 
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and further formed silica nanoparticles with amino and hydroxyl functional groups (namely SiO2-
NH2 particles). During the hydrolysis of APTES, the C-O bonds of APTES were broken to 
generate reaction monomers during water molecules into the film. Afterwards, the reaction 
monomers associated with each other to form a supramolecular silica-NH2 particle (Figure 4.20). 
After dying time, the membrane was immersed into the water bath (pH 2) for 2 hours. During the 
immersing time, both the diffusion of the acidic water (non-solvent) and NMP (solvent) intensely 
conducted to form the asymmetric membrane morphology with macro-voids and channels in the 
support layer, during which the non-solvent was into the film and the solvent leached out of the 
film. The acidic water into the film led to the formation of silica particles by hydrolysis of 
APTES. The schematic route of APTES hydrolysis for the fabrication of the PSF- APTES 
composite membranes is shown in Figure 4.20. 
Because of the presence of hydrophilic APTES and the formation of hydrophilic SiO2-
NH2 particles in PSF-APTES membranes, the NMP faster diffused out of the membranes as 
compared to the neat PSF membrane, whilst the acidic water faster penetrated into the 
membranes to occupy at once the empty place from which NMP molecule left. Due to the faster 
diffusion of solvent and penetration of non-solvent, the bigger pores and channels were formed 
with higher concentration of APTES to determine the morphologies of the PSF-APTES 
membranes as compared to the neat PSF membrane. The formation of SiO2-NH2 nanoparticles in 
PSF membrane matrix led to an increasingly hydrophilic and porous membrane to be beneficial 
in repelling foulants in water purification application. Additionally, since the amino functional 
groups have higher affinity to water than the hydroxyl groups, PSF-APTES membranes had 
faster phase inversion than the PSF-TEOS membranes with the same amount of silica precursor. 
Therefore, the average pore size of PSF-APTES membrane was larger than the PSF-TEOS 
membrane with the same amount of silica precursor.  
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In Figure 4.21, high porous surfaces of the PSF-APTES membranes were constructed 
with no any cracks and a large number of pores at hundreds of nanometers. The surface porosity 
of the PSF-APTES membranes was obviously higher than the PSF membrane due to the presence 
of hydrophilic APTES and silica-NH2 particles during phase inversion. Biggest visible pores (~ 
400 nm) were observed with a large number of pores in PSF-APTES-20 membrane. In Figure 
4.22, all the PSF-APTES membranes exhibited an asymmetric type of morphology with a porous 
top layer, a support layer with finger-like macro-voids and a thin bottom layer. Since the 
enhanced hydrophilicity of the membrane forming solution accelerated the exchange of non-
solvent with solvent during phase inversion, the size and number of the pores increased and the 
thickness of the pore walls in the cross-sections reduced with the concentration of APTES. In 
Figure 4.22, the pores in support layer with a gradient in pore sizes were interconnected with the 
small voids and channels in top layer. The SiO2 nanoparticles also could not be resolved in SEM 
images, however, EDX indicated homogeneous Si distribution on the surface. Thus, in this 
method of membrane preparation, no exclusion or aggregation of nanoparticles was found in 
SEM images. The morphologies of all PSF-APTES membranes indicated that adding APTES into 
PSF solution was significantly impacted on porosity of prepared PSF membrane matrix increased 
with the initial APTES content. 
4.3.3.2 Silica nanoparticles distribution 
 
The silica nanoparticles with amino and hydroxyl functional groups were formed within 
the membrane matrix. EDX and TEM results for the distribution and morphology of the silica 
nanoparticles were depicted in Figure 4.23 and Figure 4.24, and DLS was used to evaluate the 
size of the silica particles depicted in Figure 4.25 using the sample formed by dissolution of the 
membrane in NMP.  
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Highly magnified SEM images did not reveal any nanoparticles – neither in topography 
nor in material contrast. EDX proved homogeneous distribution of Si over the surface of the 
membrane (Figure 4.23). The chemical elements analysis was obtained with EDX using a 
chemical microanalysis technique in conjunction with SEM, which can identify and quantify the 
silicon elemental distribution in the membrane surface. The two chosen areas were evaluated in 
EDX spectrums, which proved the existing of silicon in the membrane surface by the obvious 
peaks of silicon element in both spectrums. However, the visible protuberant parts on the surface 
in SEM were not silica particles, in which no more Si elements were detected. Therefore, the 
visible protuberant parts were the normal polymer PSF particles covered silica nanoparticles. The 
resolution is limited and individual particle cannot be resolved. A small piece of the PSF-APTES 
membrane was dissolved in an appropriate volume of NMP to get dilute solution, and then the 
solution was drop-cast on a TEM grid and let dry. The TEM images (Figure 4.24) revealed the 
presence of a network of silica nanoparticles. DLS result of the membrane solution (Figure 4.25) 
shows 2 peaks. The peak around 10 – 20 nm corresponds to the particles found in Figure 4.24 
(A), the peak around 800 nm – 900 nm corresponds to the two agglomerates found in Figure 4.23 
(such agglomerates are displayed in detail in Figure 4.24 (A) and (B)), and Figure 4.24 (B) 
proved the presence of the silica particles at hundreds of nanometers.   
In summary, the silica penetrates the whole material of the PSF-APTES membranes as a 
network of silica nanoparticles (Figure 4.23 and Figure 4.24) with silica nanoparticles 10 – 20 
nm big (Figure 4.24 (A)), which may form some rarely occurring agglomerates (Figure 4.23). 
During membrane preparation, the silica particles may be formed at hundreds of nanosize as 
shown in Figure 4.24 (B). When the membrane is dissolved, the network of silica nanoparticles 
may break into agglomerates with a size of 800 – 900 nm. 
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Figure 4.23: Overview EDX analysis of PSF-APTES-20 membrane. The EDX spectrum 
originates from the two areas marked by the rectangles in the grey-level SEM image (blue 
spectrum is the result of number 1 area and red spectrum is the result of number 2 area). The 
colored images are elemental maps of C, O, S, Si as indicated by the labels. Except for 2 
agglomerates of silica, the Si is homogeneously distributed.  
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4.3.3.3 AFM characterization 
 
The surface structure of the PSF-APTES membranes was also characterized using AFM 
and the results are included in Figure 4.26. The surface texture and morphology of the 
membranes were consistent with the SEM results. Apart from bigger pores seen in SEM surface 
images, nanosized pores were also clearly visible in AFM images. With increasing APTES 
content, the texture of the surface was also found to be changed. The biggest pores were observed 
in PSF-APTES-20 membranes, and the PSF-APTES-10 possessed the relatively smaller pores in 
a large number than the PSF-APTES-15 and PSF-APTES-20 membranes. The PSF-APTES-5 
membrane possessed the smallest pores on the surface, but the fewer pores would let it lose some 
permeability. Pore size in the top layer of the membrane was also calculated by choosing a 
defined area and counting the number of pores and their diameter. The average pore sizes for all 
PSF-APTES membranes are shown in Figure 4.26 (E). A largely increasing diameter in pore size 
was observed with APTES content, which can be attributed to the faster penetration of non-
solvent during the phase inversion process. The biggest average pore size (~280 nm) was found 
for PSF-APTES-20 membrane among the membranes in Figure 4.26 (E). The steep increase in 
pore size for PSF-APTES-20 membrane may also be due to leaching out of some APTES during 
the phase inversion process.   
 
 

 
)LJXUH  6XUIDFH $)0 LPDJHV RI WKH PHPEUDQHV LQGLFDWLQJ WKH HIIHFW RI $37(6
FRQFHQWUDWLRQRQVXUIDFHWH[WXUHDQGDYHUDJHSRUHVL]H$36)$37(6%36)$37(6
&36)$37(6'36)$37(6DQG(SRUHVL]HGLVWULEXWLRQ
97 
 
4.3.3.4 Water uptake, porosity, and contact angle measurements 
 
Membranes with high hydrophilic surfaces possess high antifouling properties and high-
water permeation. The data of the PSF and PSF-APTES membranes about water uptake, porosity, 
and hydrophilicity of the surface are shown in Table 3. All the PSF-APTES membranes 
presented good water absorption, good porousness, and good hydrophilicity, which can be 
attributed to the homogeneous distribution of nanosized silica particles in the membrane matrix.  
The water uptake results were reported in Table 3 after calculating by Equation 9. Silica 
nanoparticles presented in PSF-APTES membranes with amino and hydroxyl functional groups. 
Furthermore, the area with hydroxyl groups on silica nanoparticles could associate with water 
molecules, and the area with amino groups possessed a high degree of hydrophilicity. Thus, the 
interaction and holding of water by the free hydroxyl groups and the amino groups on silica 
nanoparticles enhance water absorption of the membranes manifold (Table 3). The small size and 
good distribution of silica particles in addition have positive consequences on the water 
absorption. Water uptake data revealed a tendency that water absorption was increased with the 
addition of APTES content, and more than 14 fold increase in water uptake was observed for 
PSF-APTES-20 membrane as compared to the neat PSF membrane.  
The porosity of the immersion-coagulated membranes in this work was determined by 
many factors such as the amount of APTES, film preparation methodology, the drying time, and 
coagulation solvent-polymer interaction, etc. The porosity of the membranes reported in Table 3 
is one of the important physicochemical properties, which was indirectly evaluated using n-
octanol solvent to avoid the high absorption of water due to hydrophilic silica nanoparticles. 
Table 3 displayed an increase in porosity of the prepared membranes between 70 – 85% with the 
increasing concentration of APTES. The increase in porosity for PSF-APTES membranes can be 
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attributed to the formation of more voids and channels during phase inversion by fast migration 
of water molecules.  
The hydrophilic behaviors of prepared PSF-APTES membranes were evaluated with 
dynamic contact angle measurement. The contact angle data of the membranes shown in Table 3 
are consistent with the high-water absorption by the nanocomposite membranes. The contact 
angle value of the neat PSF membrane was 82°, which indicated its nature of low affinity to 
water. The water absorption experiments involved the whole matrix of the membranes, but the 
contact angle experiments largely depended on the outer surface of the membranes. The reduced 
contact angle data in PSF-APTES membranes indicated the increased hydrophilicity of the 
surfaces with concentration of APTES, which confirmed the presence and exposure of silica 
nanoparticles on the membrane surface. Silica nanoparticles exposed directly to the water is very 
important for making the membrane surface highly hydrophilic. Thus, a reduction of 15 degrees 
in contact angle for the PSF-APTES-20 membrane revealed its higher hydrophilicity than the 
neat PSF membrane, which is quite important and will be beneficial in repelling foulants from the 
surface.  
In summary, the porosity data along with water uptake and contact angle values indicates 
interesting behavior of the PSF-APTES membranes. The PSF-APTES-20 membranes with 84.7% 
porosity can absorb more than 14 times water as compared to the neat PSF membrane (70.7% 
porosity), which can directly affect the water permeability. Since the PSF-APTES membranes 
have shown higher hydrophilicity and water uptake, their water transport properties could be 
much higher than the neat PSF membrane. The data in Table 3 confirmed that the presented 
methodology of membrane preparation by adding APTES into PSF solution can make the PSF 
membrane hydrophilic due to the presence and exposure of SiO2-NH2 particles formed in situ in 
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the membrane matrix and enhance the membrane porosity during phase invasion by fast water 
penetration. 
Table 3: Water uptake, porosity, and contact angle data of the PSF and PSF-APTES membranes. 
Membrane 
Water uptake 
(wt.%) 
Porosity 
(%) 
Contact angle 
(𝜃, degree) 
PSF 6.9 70.7 82 
PSF-APTES-5 31.6 75.5 74 
PSF-APTES-10 52.1 80.6 71 
PSF-APTES-15 75.2 81.5 69 
PSF-APTES-20 99.2 84.7 67 
 
4.3.3.5 Zeta potential measurements 
 
Surface charge of membranes has a direct influence on antifouling behavior and rejection 
behavior for membrane filtration. Figure 4.27 shows zeta potential versus pH (ζ vs pH) curves 
for the membranes (PSF, PSF-APTES-10, and PSF-APTES-20 membranes) in 0.001 mol/L KCl 
solution at room temperature. The ζ vs pH curves of the films presented a series of reducing 
tendencies with pH value. The neat PSF membrane presented a typical ζ vs pH curve of PSF 
membrane, which contained a small positive charge in the region of pH < 3.39, a negative charge 
in the region of pH 3.39 – 8 and almost a constant negative charge value of –28 mV in the region 
of pH > 8. It was indicated in Figure 4.27 that the PSF film possessed some charged groups 
initially which may lead to electrolyte ions adsorption, and the PSF film behaves as a weakly acid 
material with accordance to the strongly decreasing charge value to negative zeta potential and 
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the tendency to a constants negative charge at pH > 8.17, 103 Compared to the PSF membrane with 
isoelectric point at around pH 3.39, the isoelectric points of the modified membranes (PSF-
APTES-10 and PSF-APTES-20) are respectively around pH 5.2 and pH 6.2. Thus, it can be 
found that the isoelectric points for the membrane surfaces were increased with the concentration 
of APTES. This increase can be attributed to the presence of positively charged amino functional 
groups on the modified membrane surfaces. Moreover, the ζ – pH curves showed a series of shift 
to positive potential with the concentration of APTES, also due to the presence and exposure of 
the positively charged amino groups and their hydration followed by adsorption of counterions. 
In this case, the effect of the surface charge density on the acid dissociation (release of H+) was 
considered to be enhanced when the surface charge density is positive (positive site 
predominates), and the amino groups on silica nanoparticles surfaces and on the membrane 
surfaces dissociate as bases. Therefore, it can be concluded that the surface modification of the 
PSF-APTES membranes was successful and the presence and exposure of the positively charged 
amino groups on the surfaces increase with introduction of APTES concentration into PSF 
solution. 
 
Figure 4.27: Zeta potential vs. pH curves showing the charge nature of the membranes. 
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4.3.4 Application for water purification 
4.3.4.1 Pure water flux measurements 
 
Pure water flux of the PSF-APTES membranes under different pressure is displayed in 
Figure 4.28 using dead-end filtration system. Pure water permeation of each membrane almost 
linearly increased with the transmembrane pressure over the range of 0.5 to 3.0 bar. In addition, 
the pure water permeation at the same pressure increased with the concentration of APTES due to 
the hydrophilicity and morphologies of the membranes. The steady increase in pure water flux 
either with the pressure or with the concentration of APTES indicated the robustness of the 
membranes. The homogeneous distribution of nanosized silica particles enhances the 
hydrophilicity of membrane due to the presence and exposure of the amino and hydroxyl groups 
which facilitate the water molecules absorption, diffusion, and permeation in the membranes. In 
addition, the silica-containing membranes also possess high porosity and finger-like 
interconnected channels, which makes it easier for the water molecules to flow. Therefore, the 
highest flux (approximately 3950 Lm-2h-1) was observed in the PSF-APTES-20 membrane at 3 
bar pressure, which is more than 7 times increase as compared to the flux of the neat PSF 
membrane at 3 bar. This directly confirmed the positive effects of the formation of silica 
nanoparticles in PSF-APTES membranes for membrane filtration. Thus, the mixing of the 
precursor APTES in PSF solution and in situ synthesis of the silica nanoparticles during phase 
inversion constitutes a good methodology to fabricate nanocomposite membranes with high 
permeability. 
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Figure 4.28: Pure water flux data for the membranes as a function of pressure. 
4.3.4.2 Protein adsorption and flux recovery studies 
 
Adsorption of protein is one of the fouling behaviors for filtration membranes, which 
takes place almost instantaneously when membrane surface comes into contact with protein 
solution.108 After protein adsorption experiment, the varying protein concentration reflected the 
behavior of protein adsorption. The BSA adsorption data on the membranes were shown in 
Figure 4.29. As compared to the data of the neat PSF, the BSA adsorption data of the PSF-
APTES membranes is lower, further to display the higher protein resistance. The data in Figure 
4.29 is a reduction in BSA adsorption until the membrane with 10 wt.% APTES. This was 
explained that the presence and exposure of hydrophilic amino and hydroxyl groups on the 
surface effectively resist the BSA attaching. However, for PSF-APTES-15 and PSF-APTES-20 
membranes, an increase in BSA adsorption can be clearly found with the increasing precursor 
content. This effect may be attributed to the improperly large size of the pores on the surfaces 
allowing BSA molecules to penetrate. Therefore, the highest BSA resistance was observed for the 
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PSF-APTES-10 due to its proper size of the pores and higher hydrophilicity as compared to the 
neat PSF membrane. The dense amino and hydroxyl groups on the surface of PSF-APTES-10 
membrane formed a hydrate layer in aqueous medium, further producing hydration repulsion. 
The hydration repulsion dominated the interaction between polar surfaces and protein in aqueous 
medium, which ultimately prevented protein matter sticking on the surface for membrane 
filtration and separations.109 Moreover, more of hydrophilic functional groups (amino and 
hydroxyl groups) exposed on the surface means the presence of stronger hydration repulsion. 
Therefore, the formation and homogeneous distribution of silica particles with hydrophilic 
functional groups are the main reasons for enhancement the protein resistance up to this 
magnitude in the PSF-APTES membranes with proper size of pores. 
 
Figure 4.29: BSA protein adsorption on the membranes in bulk solution. 
The water flux recovery was used to evaluate reversible degree in nature of membranes 
after protein fouling. In this work, the water flux recovery data of the membranes reported in 
Figure 4.30 were obtained from dynamic filtration experiments, respectively using the feed of 
pure water, 0.5 mg/mL BSA protein solution (pH 7.4), and pure water again to measure the flux 
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of each membrane. As can be seen in Figure 4.30, the flux recovery performance of the 
membranes matched the results of BSA adsorption test. Membrane modification effectively 
increased the reversibility of membranes in nature for the PSF-APTES-5 and PSF-APTES-10 
membranes, due to the presence and exposure of the increased functional groups forming a 
hydrate layer under aqueous environment to resist the protein attaching. However, for the PSF-
APTES-15 and PSF-APTES-20 membranes, a reduction in water recovery was observed, and the 
flux recovery data were even lower than the neat PSF film. This effect was caused by BSA 
molecules penetrating into the membranes through the improper large size of the pores, which 
may lead to block pores and form protein coating on the surface. Thus, the maximum flux 
recovery was obtained for PSF-APTES-10 membrane, indicating a high degree of reversible 
fouling on the surface.  
  
Figure 4.30: Pure water flux recovery of the membranes after fouling with BSA under dead-end 
filtration mode. 
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4.3.4.3 Rejection performance 
 
Adequate rejection of a variety of pollutants is necessary for filtration membranes for 
water purification.110 The rejection performance for the PSF-APTES membranes was tested using 
BSA protein and dye (Congo red and methylene blue) solutions. The data are shown in Figure 
4.31. Since membrane rejection is largely determined by physical sieving in the top layer of the 
films, the hydrodynamic size and molecular weight of the pollutants plays a very important role. 
In this work, the relationship of the molecular weight among these three kinds of molecules in the 
feed is BSA ≫ Congo red > methylene blue. This is the main reason for the difference of the 
rejection behavior for these three pollutants. The zeta potential of the membrane surfaces was 
negative under pH 7.4 condition, and BSA is also negatively charged. Thus, this also may 
enhance the BSA rejection by electrostatic repulsion. Since the formation of the hydrate layer on 
the surfaces by the presence and exposure of the hydrophilic functional groups, the hydration 
repulsion in addition prevented protein passing through the membranes. Thus, a high protein 
rejection of the membranes is achieved and showed in Figure 4.31 due to the large molecular 
weight of BSA, the electrostatic repulsion, and hydration repulsion. The rejection of Congo red 
was generally higher than that of methylene blue, which can be ascribed to the difference of its 
colloidal nature, charge nature and molecular weight. Membrane pore size and thickness of the 
upper separation layer will also influence the rejection behavior of the prepared membranes. The 
membranes in Figure 4.31 possessed an increase in rejection performance of all the used foulants 
for PSF-APTES-5 and PSF-APTES-10 membranes, but a decrease in the rejection performance 
for the PSF-APTES-15 and PSF-APTES-20 membranes. This can be attributed to the improper 
size of the pores on the surfaces of the PSF-APTES-15 and PSF-APTES-20 membranes.  
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Figure 4.31: Rejection performance of the membranes for BSA, Congo red, and methylene blue 
solutions. 
4.3.5 Conclusion 
 
Herein, one-pot process was applied to prepare PSF hybrid membranes with silica 
nanoparticles using simultaneous phase inversion and in situ nanoparticles formation. The 
modification of the hydrophobic PSF membrane was completed by introducing hydrophilic 
APTES into PSF solution. The silica nanoparticles with amino and hydroxyl groups were 
generated during the phase inversion under acidic condition by hydrolysis and polycondensation 
reaction of APTES precursor mixed with PSF solution.  Through the analysis of SEM images and 
AFM images, the PSF-APTES membranes exhibited porous surface with on cracks and a highly 
porous asymmetric type of cross-sectional morphology with a porous top layer and a highly 
porous sublayer with finger-like macro voids. The presence and homogeneous distribution of 
nanoscopic silica particles throughout the membrane matrix were confirmed by the TEM and 
EDX results. The amino and hydroxyl functional groups on the silica nanoparticles possessed 
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attractive features for hydrophilicity and charge nature. Therefore, the hydrophilicity of the 
membranes was highly dependent on the concentration of the silica nanoparticles and can be 
tuned by adjusting the initial APTES concentration during membrane formation. Based upon the 
presence of the pores with improper big size on the surface of the PSF-APTES-15 and PSF-
APTES-20 membranes, PSF-APTES-10 membrane with high pure water permeation has the most 
attractive properties of antifouling and rejection for water purification application among the 
PSF-APTES membranes. Thus, the high water permeation, high protein antifouling, and high 
protein rejection make the PSF-APTES membranes attractive for separation of biomolecules, 
desalination/purification of water, and for other charge and size-based separation processes.  
 
 
4.4 PSF-TPAPS membrane  
 Solution preparation

7KH ]ZLWWHULRQLF VLOLFD SUHFXUVRU >>WULHWKR[\VLO\OSURS\O@DPLQR@SURSDQHVXOIRQLF
DFLG73$36ZDVV\QWKHVL]HGIURPSURSDQHVXOWRQHDQG$37(6XQGHUQLWURJHQDWPRVSKHUH
DFFRUGLQJWR)LJXUHSURSDQHVXOWRQHZDVXVHGDVDVWURQJDON\ODWLQJDJHQWWRLQWURGXFHD
QHJDWLYHO\ FKDUJHG VXOIRQDWH JURXS $37(6 ZDV GLVVROYHG LQ 103 DQG WKHQ 
SURSDQHVXOWRQHZDVGURSZLVHDGGHGXQGHUVWLUULQJ7KHUHDFWLRQPL[WXUHZDVUHIOX[HGXQGHUPLOG
KHDWLQJFRQGLWLRQVXQGHU&IRUK7KHUHDFWLRQZDVFRPSOHWHGZLWKRXWDQ\VLGHUHDFWLRQ
GXH WR WKHKLJKO\ UHDFWLYHQDWXUHRISURSDQHVXOWRQHZLWK WKHDPLQR JURXSRI$37(6
$IWHUWKDWWKH73$36VROXWLRQZDVREWDLQHG0RUHRYHU36)VROXWLRQZWZDVSUHSDUHGE\
GLVVROYLQJ 36) LQWR 103 XQGHU FRQVWDQW VWLUULQJ IRU  K LQ D WLJKWO\ VHDOHG YHVVHO WR DYRLG
PRLVWXUH7KHGHVLUHG DPRXQWRI WKHREWDLQHG73$36VROXWLRQZDV DGGHG LQWR36) VROXWLRQ WR
PDNH WKH ILQDO VROXWLRQ FRQFHQWUDWLRQ  ZW 7KLV VROXWLRQ ZDV DOVR FRQVWDQWO\ VWLUUHG IRU
RYHUQLJKWWRJHWDKRPRJHQHRXV36)73$36VROXWLRQ$IWHUWKDWWKHKRPRJHQHRXVVROXWLRQZDV
GHJDVVHGDWURRPWHPSHUDWXUHIRURYHUQLJKWWRJHWULGRIWUDSSHGDLUEXEEOHV
)LJXUH6FKHPDWLFURXWHRIV\QWKHVLVRI73$36DQGSUHSDUDWLRQRIILQDO36)73$36
VROXWLRQ


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4.4.2 Membrane preparation 
 
In this part, the membranes were also applied the same self-assembly membrane 
preparation technology to prepare the polymer-inorganic composite membranes. TPAPS 
molecules as zwitterionic silica precursor were homogeneously mixed with PSF solution, and 
then the final membrane solution underwent the sol-gel process, while homogeneously 
distributed silica nanoparticles were formed in situ in membrane matrix. The membrane 
preparation technology was described in details in Section 3.3. The silica nanoparticles were 
formed by the hydrolysis of TPAPS as shown in Figure 4.33. The C-O bonds of TPAPS 
molecules were broken under acid-water medium to generate reaction monomers. Afterwards, the 
reaction monomers associated with each other to form a supramolecular zwitterionic silica 
particle. The silica particles are zwitterionic particles with the negatively charged sulfonate 
groups and the positively charged amino groups, originated from zwitterionic TPAPS. Thus, the 
amount of the zwitterionic silica particles formed in the membrane is mainly related to the added 
quantity of TPAPS into PSF solution. In addition, the film preparation method, drying time, and 
bath condition are also known as the impact factors of the number of silica particles in the 
membrane.  
The formation and the structure type of the PSF-TPAPS membranes were similar to the 
PSF-TEOS, and PSF-APTES membranes. The main sieving for membrane filtration happened in 
the top layer due to the open narrow pores. The top layer matrix was formed after membrane 
casting by the solvent evaporation and the increased PSF concentration in the air-film interface 
during the drying time. The fast solvent evaporation led to the formation of asymmetric 
membrane morphology with small pores in the top layer. Since moisture can be absorbed on the 
membrane which can initiate the hydrolysis of TPAPS also during the drying time, the 
 
 
]ZLWWHULRQLFVLOLFDQDQRSDUWLFOHVZHUH LQLWLDWHG WRIRUPLQ WKH WRS OD\HU ,QDGGLWLRQ WKHVXSSRUW
OD\HUXQGHUWKHWRSOD\HUZDVIRUPHGGXULQJWKHLPPHUVLQJWLPHZKLFKLVPDLQO\UHVSRQVLEOHIRU
SURYLGLQJWKHPHFKDQLFDOVWUHQJWKLQPHPEUDQHILOWUDWLRQDSSOLFDWLRQ$IWHUGU\LQJWKHPHPEUDQH
ZDV LPPHUVHG LQWR DQ DFLGLF ZDWHU EDWK S+  IRU VLPXOWDQHRXV SKDVH LQYHUVLRQ DQG
QDQRSDUWLFOHVIRUPDWLRQIRUK7KHVWUXFWXUHLQWKHVXSSRUWOD\HUZDVWKHQIRUPHGE\WKHVROYHQW
103GLIIXVLRQDQGWKHQRQVROYHQWDFLGLFZDWHUSHQHWUDWLRQ7KHSHQHWUDWLRQRIDFLGLFZDWHU
LQWR WKHPHPEUDQHVWDUWVK\GURO\]LQJ73$36ZKLFK OHG WR WKH IRUPDWLRQRI ]ZLWWHULRQLF VLOLFD
QDQRSDUWLFOHV7KHSUHSDUHGPHPEUDQHZDVZDVKHGVHYHUDOWLPHVZLWK0LOOLSRUHZDWHUWRUHPRYH
WKH VROYHQW DFLG DQG DQ\ RWKHU XQUHDFWHG FRPSRQHQWV )XUWKHU WKH PHPEUDQH ZDV VWRUHG LQ
0LOOLSRUHZDWHU
7KH SUHVHQFH RI K\GURSKLOLF 73$36 DQG ]ZLWWHULRQLF 6L2 SDUWLFOHV LQ WKH 36)
PHPEUDQHV KHOSHG LQ ZDWHU SHQHWUDWLRQ DV ZHOO DV LQ 103 GLIIXVLRQ IURP PHPEUDQH PDWUL[
)XUWKHUPRUH WKH KLJKHU FRQFHQWUDWLRQ RI 73$36 LQ WKH 36) PHPEUDQHV KDG IDVWHU SKDVH
LQYHUVLRQZKLFKOHGWRWKHIRUPDWLRQRIODUJHUSRUHVDQGPRUHRI]ZLWWHULRQLFVLOLFDQDQRSDUWLFOHV
7KHUHIRUH WKH 36)73$36 PHPEUDQHV SRVVHVVHG ODUJHU SRUHV DV FRPSDUHG WR WKH QHDW 36)
PHPEUDQH $QG WKH VL]H RI SRUHV ZDV LQFUHDVHG ZLWK WKH FRQFHQWUDWLRQ RI 73$36 LQ WKH
PHPEUDQHV7KHIRUPDWLRQRI]ZLWWHULRQLFVLOLFDQDQRSDUWLFOHVLQ36)PHPEUDQHPDWUL[UHVXOWHG
LQPRUHK\GURSKLOLFDQGSRURXVPHPEUDQH

)LJXUH  6FKHPDWLF URXWH RI ]ZLWWHULRQLF VLOLFD SUHFXUVRU 73$36 K\GURO\VLV IRU WKH
IDEULFDWLRQRIWKH36)73$36FRPSRVLWHPHPEUDQHV
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4.4.3 Membrane characterization 
4.4.3.1 SEM characterization 
 
The presence of hydrophilic TPAPS in cast film not only enhanced the solvent diffusion 
from the film but also provided pathways for water to penetrate, which accelerated the exchange 
of non-solvent with solvent and caused the membrane to precipitate more rapidly. Thus, this 
resulted in a highly porous surface and interconnected membrane matrix. The SEM images in 
Figure 4.34 and Figure 4.35 directly demonstrated the surface and cross-sectional morphologies 
of PSF-TPAPS membranes. All PSF-TPAPS membranes possessed a smooth flat surface without 
any cracks. The pores on the surface were round-like with similar average nanosize, irregularly 
ranking one by one. The dense nanosized pores on the PSF-TPAPS surface played a separating 
role for membrane filtration. Moreover, all these membranes exhibited an asymmetric type of 
cross-sectional morphology with a porous top layer and a support layer with interconnected 
macro voids. The macro voids with a gradient in pore size did not compromise the mechanical 
stability of the membrane, while these macro voids had a finger-like shape which helped water 
permeation of the membrane. The pores and channels were generated by the area with sloppy 
polymer concentration in the cast membrane, while the area with high polymer concentration 
yielded the sieving barrier during phase inversion. The pores and channels provided spaces to 
allow water passing through, and the continuous barrier contributed its mechanical strength to 
hinder undesired components from water. After modification by TPAPS, more of open pores 
formed in PSF-TPAPS membranes not only can provide a considerable water flux, but also can 
achieve an effective separation for water purification as compared to the neat PSF membrane.  
 
 
 
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)LJXUH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Figure 4.35: Scanning electron microscopic cross-sectional images of: (A) PSF-TPAPS-5; (B) 
PSF-TPAPS-10; (C) PSF-TPAPS-15; and (D) PSF-TPAPS-20. 
The presence of zwitterionic nanoparticles in the membranes can enhance membrane 
hydrophilicity and provide the different charges to repel charged molecules. The SiO2 
nanoparticles could not be resolved in SEM images; however, EDX, TEM, and DLS indicated 
homogeneous silica nanoparticles distribution all over the PSF-TPAPS membranes reported 
lately. Thus, in this method of membrane preparation, no exclusion or aggregation of 
nanoparticles was found in SEM images. Otherwise, the agglomeration of the nanoparticles may 
lead to the formation of large defects which may compromise the membrane stability and 
performance for membrane filtration and the exclusion of nanoparticles may largely reduce the 
benefits of this modification such as enhancement of hydrophilicity, antifouling, rejection 
performance, etc. 
4.4.3.2 Silica nanoparticles distribution 
 
The distribution of the silica nanoparticles in the membrane matrix was evaluated by SEM 
and EDX studies, and the results are presented in Figure 4.36. A small piece of the 
nanocomposite membrane was dissolved in an appropriate volume of NMP to get dilute solution. 
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The solution was measured by TEM and DLS to obtain the morphologies and the size of silica 
particles (Figure 4.37 and Figure 4.38). 
The EDX element maps and spectrum were obtained from the whole gray-level SEM 
image (the top-left SEM image in Figure 4.36), investigating on the PSF-TPAPS-20 membrane 
surface. The homogeneous distribution of Si was evaluated over the entire membrane surface in 
Si map. However, the resolution is limited and individual particle cannot be resolved.  
The TEM images and elemental maps from TEM (Figure 4.37) also proved that the silica 
nanoparticles existed in the membrane. When the membrane was dissolved in NMP, the PSF 
would be dissolved back as a polymer solution, but the silica nanoparticles will not be dissolved 
into it, exploiting this feature to investigate the morphology and size of silica nanoparticles. After 
that, the solution was drop-cast on TEM grid and let dry to prepare the TEM specimen. 
Obviously, a lot of silica nanoparticles embedded in the network of PSF were found in Figure 
4.37. Figure 4.37 (A) highlights the morphology of the nanoparticles, which demonstrated 
sphere-like shape with dozens of nanometers size. The images (Figure 4.37 (B)) revealed the 
presence of a network of coalesced silica nanoparticles. DLS result shows 2 peaks (Figure 4.38). 
The first peak around 10 – 40 nm corresponds to the particles found in TEM Figure 4.37, and the 
peak around micrometers possibly corresponds to the agglomerates of coalesced nanoparticles 
with polymer, and the two agglomerates found in Figure 4.36 would fit into the second peak at 
several micrometers in DLS.  
In summary, no visual silica nanoparticle was observed in the highly magnified SEM 
images due to the limited resolution. However, in Figure 36-38, it was revealed that the silica 
nanoparticles were homogeneously distributed as a network of coalesced nanoparticles in the 
membrane matrix. Moreover, the smallest size of nanoparticles is around 10 – 40 nm (Figure 
 
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 6L]H RI WKH VLOLFD QDQRSDUWLFOHV LQ 36)73$36PHPEUDQH REWDLQHG LQ'/6 DIWHU
GLVVROXWLRQLQ103
4.4.3.3 AFM characterization 
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characterized by AFM, and the results were depicted in Figure 4.39. Apart from bigger pores 
seen in SEM surface images, nanopores were also clearly visible in AFM images. The surface 
texture and morphology of the PSF-TPAPS membranes in the AFM images (Figure 4.39) were 
consistent with SEM images (Figure 4.34). It was proved again that the surfaces of all PSF-
TPAPS membranes are flat and smooth with nanosized pores and no cracks. Figure 4.39 (E) 
summarized the average pore size on the surface of the PSF-TPAPS membranes. Pore size in the 
top layer of the membrane was also calculated by choosing a defined area and counting the 
number of pores and their diameter. After counting, the biggest pores are around 30 nm with the 
highest number of pores in the PSF-TPAPS-20 membrane and a slightly increasing average 
diameter in pore size was observed with increasing TPAPS concentration. This can be attributed 
to the faster penetration of non-solvent during the phase inversion process.  
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)LJXUH  6XUIDFH $)0 LPDJHV RI WKH PHPEUDQHV LQGLFDWLQJ WKH HIIHFW RI 73$36
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4.4.3.4 Water uptake, porosity, and contact angle measurements 

:DWHU XSWDNH IRU D ILOWUDWLRQ PHPEUDQH H[SUHVVHV WKH EHKDYLRU RI KROGLQJ ZDWHU DQG
SRURVLW\RIDPHPEUDQH H[SUHVVHV WKHSURSRUWLRQRI WKHYRLGV VSDFH LQ WKHZKROH ILOPYROXPH
&RQWDFWDQJOHH[SUHVVHVWKHZHWWDELOLW\RIDILOPVXUIDFHZKLFKUHIHUVWRWKHVWXG\RIKRZZDWHU
GHSRVLWHGRQDILOPVXUIDFHVSUHDGVRXWWRIRUPERXQGDU\VXUIDFHVZLWKWKHILOP7KHVHGDWDZHUH
OLVWHGLQ7DEOH
7KHVWHHSLQFUHDVHLQZDWHUXSWDNHRIWKHPHPEUDQHVGHSLFWHGLQ7DEOHZDVGXHWRWKH
KRPRJHQHRXV GLVWULEXWLRQ RI QDQRVL]HG VLOLFD SDUWLFOHV LQ WKH PHPEUDQHPDWUL[ 2Q WKH VLOLFD
QDQRSDUWLFOHV WKH LQWHUDFWLRQ DQGKROGLQJ RIZDWHU E\ WKH WKUHH NLQGV RI WKH IXQFWLRQDO JURXSV
DPLQRVXOIRQDWHDQGK\GUR[\OJURXSVRFFXUUHGGXULQJWKHVXUIDFHFRQWDFWLQJZLWKZDWHU7KXV
WKH VPDOO VL]H DQG JRRG GLVWULEXWLRQ RI QDQRSDUWLFOHV KDYH SRVLWLYH LQIOXHQFHV RQ WKH ZDWHU
DEVRUSWLRQ7KHLQFUHDVHGZDWHUXSWDNHRIWKHPHPEUDQHVLVGLUHFWO\UHODWHGWRWKHVLOLFDSUHFXUVRU
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concentration. More than 4 fold increase in water uptake was observed for PSF-TPAPS-5 
membrane and more than 12 fold increase for PSF-TPAPS-20 membrane as compared to the neat 
PSF membrane. 
The porosity of the membranes was indirectly evaluated using n-octanol solvent to avoid 
the high absorption of water due to hydrophilic silica nanoparticles. The porosity of the PSF-
TPAPS membranes was higher than the neat PSF membrane, and the highest porosity was 
observed for the PSF-TPAPS-20 membrane in Table 4. The data reported in Table 4 indicates 
that the overall porosity of the membranes in the range of 72 – 77% exhibits an increase with the 
TPAPS concentration. This effect may be due to the formation of more voids and channels during 
phase inversion by fast migration of water molecules.  
For water treatment, sewage commonly contains many kinds of hydrophobic protein and 
the protein easily fouls the hydrophobic membrane. Further, the fouling layer attaching protein 
becomes a bacteria breeding hotbed until the end of the film life. Therefore, the modification of 
hydrophobic PSF membrane into a high hydrophilic film is quite important and will be beneficial 
in repelling foulants from the surface and enhancing water permeation. The hydrophilicity of the 
filtration membranes has direct consequences over water permeation and fouling. Unlike the 
water uptake and porosity measurements involved the whole matrix of the membrane, water 
contact angle measurement occurred on the surface of the membranes to study the surface 
wettability by water. The contact angle data of the membranes shown in Table 4 are consistent 
with the water absorption by the nanocomposite membranes, which indicated that there was a 
reduction in water contact angle on the surface of the membranes with the concentration of 
TPAPS. The reduction of contact angle illustrated an increase of hydrophilicity on the surface of 
the membranes with the TPAPS content. The increased hydrophilicity can be attributed to the 
presence and exposure of the silica nanoparticles (SO2-NH-SO3H nanoparticles) with the 
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functional groups (amino, sulfonate, and hydroxyl groups) on the surface. Thus, a reduction of 
18.4 degrees in water contact angle for the PSF-TPAPS-20 membrane with respect to the neat 
PSF membrane is quite significant to improve the foulants resistance of the membrane.   
 The homogeneous distribution of nanosized silica particles in the PSF-TPAPS membrane 
matrix significantly enhances water absorption and hydrophilicity due to interaction and holding 
water by the zwitterionic functional groups on silica nanoparticles. The small size and good 
distribution of the special SO2-NH-SO3H nanoparticles have positive influences on the water 
absorption and hydrophilicity. Moreover, the preparation method of adding TPAPS into PSF 
solution positively improves the overall porosity of the membranes due to the formation of more 
voids and channels during phase inversion by fast migration of water molecules. Since the PSF-
TPAPS membranes show high hydrophilicity, water uptake, and porosity, their water 
permeability can be much higher than the neat PSF membrane.   
Table 4: Water uptake, porosity, and contact angle data of the PSF and PSF-TPAPS membranes. 
Membrane 
Water uptake 
(wt.%) 
Porosity 
(%) 
Contact angle 
(𝜃, degree) 
PSF 6.9 70.7 82 
PSF-TPAPS-5 29.1 72.5 76 
PSF-TPAPS-10 52.5 73.8 69 
PSF- TPAPS -15 77.0 75.9 64 
PSF- TPAPS -20 83.5 76.2 63.6 
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4.4.3.5 Zeta potential measurements  
 
The surface charge properties of the PSF-TPAPS membranes were determined by 
evaluating zeta potential as a function of pH in 0.001 mol/L KCl solution at room temperature. 
The zeta potential versus pH curves (ζ – pH) were depicted in Figure 4.40 for PSF, PSF-TPAPS-
10, and PSF-TPAPS-20 membranes. Since some initial charged groups on the surface of PSF 
membrane caused the adsorption of electrolyte and ions due to the low hydration, the neat PSF 
membrane surface has very low positive and high negative potential values over the studied pH 
range with an isoelectric point (pI) around pH 3.39 (the PSF membrane behavior is weakly 
acidic). The zeta potential vs. pH curves shown in Figure 4.40 indicated that the PSF-TPAPS 
membranes possessed higher positive and higher negative potential values over the studied pH 
range as compared to the neat PSF membranes. With the increasing silica content in the 
membranes, the isoelectric points increased from pH 4.0 to 5.1. The increase can be attributed to 
the amount of the exposed amino, sulfonate, and hydroxyl groups on the membrane surfaces. 
Below the isoelectric point, the general behavior of the zeta potential curves for the membranes 
was a significant shift to positive potential with the concentrate of TPAPS. This was explained 
that the presence and exposure of the positively charged amino groups on the surface 
predominated below the isoelectric point. However, after the isoelectric point, a significant shift 
to negative potential can be clearly seen with the increasing silica content due to the predominate 
negatively charged sulfonate and hydroxyl groups on the surface. These effects can be attributed 
to the presence of functional groups, their interaction and their hydration followed by adsorption 
of counterions. Furthermore, the effect of the surface charge density on the acid dissociation 
(release of H+) was considered to be enhanced when the surface charge density is positive 
(positive site predominates), and the amino groups on silica nanoparticles surfaces and on the 
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membrane surfaces dissociate as bases. The effect of the surface charge density on the base 
dissociation (release of OH-) was considered to be enhanced when the surface charge density is 
negative (negative site predominates), and the sulfonate groups and hydroxyl groups (silanol 
groups) on silica nanoparticles surfaces and on the membrane surfaces dissociate as acids.  
Therefore, the presence and exposure of the positively charged amino groups and the 
negatively charged sulfonate and hydroxyl groups on the surface were confirmed, and the amount 
of the functional groups increased with introduction of TPAPS concentration into the polymer 
solution. 
 
Figure 4.40: Zeta potential vs. pH curves showing the charge nature of the membranes. 
4.4.4 Application for water purification 
4.4.4.1 Pure water flux measurements 
 
The increased pure water flux of each membrane under different pressure is displayed in 
Figure 4.41. The membranes in Figure 4.41 demonstrated a steep increase in pure water flux 
under same pressure with the different concentration of TPAPS and a steep increase in pure water 
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flux under varying pressure for the same membrane. These indicated the membranes possessed 
good robustness. This can be attributed to the asymmetric morphology of the membranes, as well 
as the nanosize and good distribution of hydrophilic SiO2-NH-SO3H nanoparticles in the 
membranes to enhance the mechanical strength of the membranes. The high porosity for the PSF-
TPAPS membranes provided lots of voids and interconnected channels to fasten water molecules 
permeation. In addition, the hydrophilic functional groups (amino, sulfonate and hydroxyl groups) 
on silica nanoparticles enhanced the interaction with water molecules and facilitated the water 
molecules to flow through the membrane. The above reasons lead to an increase in water 
permeation for the PSF-TPAPS membranes with increasing silica content in the membrane 
matrix. In comparison with the pure water flux of the neat PSF membrane at 3 bar pressure, about 
5 times increase for the PSF-TPAPS-20 membrane was observed directly which confirmed the 
positive effects of zwitterionic silica particles. Thus, highly hydrophilic PSF-TPAPS membranes 
with high permeability were prepared using in situ synthesis of the silica nanoparticles during 
phase inversion. 
 
Figure 4.41: Pure water flux data for the membranes as a function of pressure. 
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4.4.4.2 Protein adsorption and flux recovery studies 
 
Currently, membrane resistance to protein adsorption is a subject of great interest and is 
critical ability to membrane filtration application with related to membrane durable time, 
rejection of pollutants and cost.19 Two techniques were adopted to assess the actual antifouling 
properties, namely protein adsorption in solution and dead-end filtration using bovine serum 
albumin (BSA) protein. 
The protein adsorption behavior of the PSF-TPAPS membranes was studied and depicted 
in Figure 4.42. The amount of protein adsorbed on the membranes was determined by estimating 
the difference of initial protein concentration (500 μg/mL BSA solution) to the final protein 
concentration after adsorption experiment. For the PSF-TPAPS membranes, lots of zwitterionic 
functional groups on silica nanoparticles formed a thin hydrate layer in aqueous medium to resist 
hydrophobic protein. Hydration force and repulsion force prevent protein attachment or 
penetration into the membrane pores and thus enhance the antifouling behavior of the 
membranes.105 The well-distributed nanoparticles led to an even hydrate layer over the membrane 
surface, and the hydration repulsion increased with the amount of the functional groups exposed 
on the silica nanoparticles to enhance the antifouling properties of the films. Therefore, the 
protein adsorption data of PSF-TPAPS membranes revealed a significant decrease with the 
concentration of TPAPS, and the more than 2 times decrease in protein adsorption was observed 
on the PSF-TPAPS-20 as compared to the neat PSF membrane.  
The water flux recovery of membranes was tested under real filtration conditions by using 
0.5 mg/mL BSA protein solution (pH 7.4), and the data were depicted in Figure 4.43. The flux 
recovery data were analyzed by determination of the protein adsorption and irreversible fouling 
layer formation by proper cleaning of the membranes after the BSA filtration. The irreversible 
125 
 
fouling of the membrane was caused by BSA adsorption and blocking the pores by BSA 
molecules on the surface and inside membrane under pressure. As can be seen in Figure 4.43, the 
fouling on the membranes by BSA protein was reversible in nature after washing the membranes 
with Millipore water. And the reversible nature of silica containing membranes is consistent with 
their BSA adsorption resistance study, which increased with the increasing concentration of 
TPAPS. The high flux recovery rates of the PSF-TPAPS membranes can be explained by high 
hydrophilic nature of well-distributed zwitterionic silica nanoparticles. The hydrophilic amino, 
sulfonate, and hydroxyl groups on the silica nanoparticles in aqueous medium can form a hydrate 
layer to initiate high steric forces. The high hydration repulsion hindered the protein molecules to 
penetrate and attach the membrane surface.109 Thus, the maximum flux recovery was obtained for 
PSF-TPAPS-20 membrane, indicating a high degree of reversible fouling on the surface. 
Therefore, the homogeneously distributed silica nanoparticles achieved to enhance the antifouling 
properties of the PSF-TPAPS membranes to a large extent, considering the decline in BSA 
protein adsorption and the increase in water flux recovery with the TPAPS concentration. 
  
Figure 4.42: BSA protein adsorption on the membranes in bulk solution.  
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Figure 4.43: Pure water flux recovery of the membranes after fouling with BSA under dead-end 
filtration mode.  
4.4.4.3 Rejection performance 
 
The rejection performance of the PSF-TPAPS membranes was tested using BSA protein 
and dye (Congo red and methylene blue) solutions. The data are shown in Figure 4.44. The BSA 
protein rejection was higher than the rejection of Congo red and methylene blue, mainly due to 
the difference of their molecular weights (their molecular weights relationship: BSA > Congo 
red > methylene blue). Additionally, the Congo red rejection is higher than methylene blue 
rejection, which can be ascribed to the difference of its colloidal nature, charge nature and 
molecular weight. Due to the formation of hydrate layer at the interface between the membrane 
and the aqueous feed, highly hydrophilic membranes for water filtration strongly repelled most of 
protein molecules. In addition, electrostatic interactions occurred due to the charge nature 
between the membrane and the charged solutes, followed by attraction of the opposite charges 
and repulsion of the same charges between the membranes and the pollutants of BSA protein, 
PS
F
PS
F-
TP
AP
S-
5
PS
F-
TP
AP
S-
10
PS
F-
TP
AP
S-
15
PS
F-
TP
AP
S-
20
0
10
20
30
40
50
60
70
Fl
ux
 r
ec
ov
er
y 
(%
)
Membrane
127 
 
Congo red, and methylene blue molecules. For this effect, the positively charged amino groups 
on the silica nanoparticles repelled the positively charged methylene blue molecules, and the 
negatively charged sulfonate and hydroxyl groups on the silica particles repelled the negatively 
charged BSA protein (pH 7.4) and Congo red molecules on the surface of membranes. Moreover, 
at the experimental condition (pH 7.4), the surface zeta potential of PSF membrane matrix was 
also negative to repel the negatively charged molecules. Thus, a high rejection of protein and 
Congo red through the silica-containing membranes can be observed in Figure 4.44. The 
increased protein rejection was observed with the increasing concentration of TPAPS mainly due 
to the formation of the hydrate layer under water-based medium. Membrane pore size and 
thickness of the upper separation layer will also influence the rejection behavior of the 
membranes. As can be seen in Figure 4.44, the rejection of dye solutions demonstrated an 
increase for PSF-TPAPS-5 and PSF-TPAPS-10 membranes and a decrease for PSF-TPAPS-15 
and PSF-TPAPS-20 membranes. The increase of dye rejection can be attributed to the stronger 
hydration repulsion on the hydrate layer and the stronger electrical interaction with the increasing 
concentration of TPAPS, and the reduction can be attributed to the presence of big size pores. 
Therefore, in comparison to the PSF-TPAPS membranes, all the tendency of dye and protein 
rejection mainly can be attributed by the hydrophilic and charge nature of the functional groups 
and the size of pollutants molecules and pores in the membranes. Thus, in Figure 4.44, PSF-
TPAPS-10 membrane demonstrated the highest rejection of dye solutions, while PSF-TPAPS-20 
membrane was observed with the highest BSA protein rejection above 90% among the 
membranes.  
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Figure 4.44: Rejection performance of the membranes for BSA, Congo red, and methylene blue 
solutions. 
4.4.5 Conclusion 
 
In summary, one-pot process reported above is an easy and effective method to fabricate 
porous PSF membrane with SO2-NH-SO3H nanoparticles using simultaneous phase inversion and 
in situ silica nanoparticles formation. The hydrophilic silica nanoparticles with the amino, 
sulfonate, and hydroxyl functional groups were formed in situ within the PSF membrane matrix 
during the phase inversion under acidic condition by hydrolysis and polycondensation reaction of 
TPAPS precursor mixed with PSF solution. Based on the SEM and AFM results, the PSF-TPAPS 
membranes exhibit an asymmetric structure with a dense skin layer, followed by finger-like 
porous structure in the support layer. The TEM and EDX results confirmed the presence and 
homogeneous distribution of SO2-NH-SO3H nanoparticles throughout the PSF-TPAPS 
membranes. Since the concentration of TPAPS precursor mixed with PSF solution highly 
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determined the membrane hydrophilicity properties, the modified membranes showed high 
hydrophilicity, high water uptake, porosity and good antifouling property. Due to the relative 
attractive properties (high hydrophilicity, stability, antifouling, rejection, etc.), the PSF-TPAPS 
membranes offer the feasibility for separation of desalination/purification of water, and for other 
charge and size-based separation processes. 
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5 Summary 
 
In the past years, several methods have been introduced to enhance the hydrophilicity of 
PSF membrane like chemical modification, surface modification, blending of hydrophilic 
polymers, nanomaterials, and carbon based materials, etc.16, 26-27, 55-59  The most extensively 
studied methods are to use inorganic nanoparticles as potential fillers to improve the properties of 
PSF membrane.16, 23, 57, 60-62 SiO2 is the most favorable inorganic additive because of its low cost, 
easy synthesis, good size controllability, and surface reactivity.60 Several works have been 
reported where the inorganic nanoparticles are directly mixed with the polymer solution which 
has serious drawbacks of insufficient dispersion, aggregation, exclusion from membrane matrix 
during phase inversion, etc.101, 114-115 The agglomeration of the nanoparticles may also lead to the 
formation of large defects in the membrane which may compromise the membrane stability and 
performance. To overcome this problem, surface modification of the nanoparticles has been 
suggested which enhances the interaction with polymer phase and promotes a considerable 
degree of mixing and better distribution within the membrane matrix.16, 23, 101, 114, 116 However, the 
surface modification of nanoparticles requires additional chemistry, purification and isolation of 
modified nanoparticles, and may cause losing the control over size.  
Recently, in situ syntheses of nanoparticles based on molecular level design and tailoring 
in the membrane matrix have been reported to prepare next generation nano-enhanced 
membranes.16, 87, 117 In this method both nanoparticle formation and membrane preparation can be 
achieved simultaneously. In this work similar technique was utilized to construct PSF-Silica 
nanocomposite membranes in which hydrolysis and condensation of silica precursor (TEOS, 
APTES, and TPAPS) and phase inversion of polymer film was achieved simultaneously in one 
step under acidic condition. This unique process has led to the formation of extremely small silica 
132 
 
nanoparticles with high dispersion in every region of the membrane. Such type of distribution of 
silica nanoparticles is very difficult to achieve using conventional silica nanoparticle blending 
with polymer solution. The prepared membranes were extensively characterized for their 
morphology, surface properties, nanoparticle distribution, fouling and permeation properties. 
Finally, the membranes were tested with rejection experiments with protein and dye solutions to 
assess their usefulness for water filtration and separation applications. 
The silica nanoparticles were mostly generated during the phase inversion under acidic 
condition by hydrolysis and polycondensation reaction of silica precursors mixed with PSF 
solution. The properties and structure of membranes were characterized by different analytic and 
physicochemical techniques. The prepared membranes exhibit an asymmetric nature with a dense 
skin layer, followed by finger-like porous structure at the bottom. The microscopic and elemental 
analysis confirmed the presence and homogeneous distribution of nanoscopic small silica 
particles throughout the membrane matrix. The membranes show high hydrophilicity, water 
uptake, and good antifouling properties. The overall membrane properties were highly dependent 
on the concentration of the silica nanoparticles and can be tuned by adjusting the concentration of 
initial silica precursors during membrane formation. The low protein fouling, high water 
permeation, protein rejection, and flux recovery results make those membranes attractive for 
separation and filtration applications. Thus the prepared membranes can be used in different 
applications ranging from separation of biomolecules, desalination/purification of water, and for 
other charge and size-based separation processes. 
In summary, a facile one-pot nanocomposite ultrafiltration membrane preparation method 
using simultaneous phase inversion and in situ silica nanoparticles formation was reported. 
Hydrophilic SiO2, SiO2-NH2, SO2-NH-SO3H nanoparticles were respectively formed in situ 
within PSF membrane matrix during the phase inversion under acidic condition by hydrolysis and 
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polycondensation reaction of corresponding silica precursors mixed with PSF solution. Because 
the nanosize and good distribution of the pores, the presence and well distribution of silica 
nanoparticles, the presence and exposure of the hydrophilic charged functional groups form a 
hydrate layer on the membranes and provide hydration repulsion and electrostatic repulsion 
against solutes from feed under aqueous medium, the PSF-TEOS, PSF-APTES, PSF-TPAPS 
membranes respectively with SiO2, SiO2-NH2, and SO2-NH-SO3H nanoparticles exhibited high 
hydrophilicity, stability, water permeation, rejection, and antifouling performance as compared to 
the neat PSF membrane for water purification application. Consequently, PSF-APTES-20 
possesses highest pure water flux about 3900 Lm-2h-1 (about 7-fold increase than PSF membrane); 
PSF-TEOS-20 possesses lowest BSA adsorption about 8 µg/cm2 (about 5-fold decrease than PSF 
membrane); PSF-TEOS-20 possesses highest flux recovery about 80% (about 1.6-fold increase 
than PSF membrane); PSF-TPAPS-20 possesses highest protein rejection about 93% (about 1.4-
fold increase than PSF membrane); PSF-TPAPS-10 possesses highest Congo red and methylene 
blue dye rejection respectively about 52% and 15% (about 6-fold increase and 1.6-fold increase 
than PSF membrane, respectively). Comprehensively in comparison to all the prepared 
membranes for water purification application, PSF-TPAPS-10 membrane is suitable for the 
sewage with small molecule solute; PSF-TEOS-20, PSF-APTES-10 and PSF-TPAPS-20 
membranes are suitable for the sewage with a lot of protein; and other membranes also offer the 
possibility for separation of biomolecules, desalination/purification of water, and for other charge 
and size-based separation processes.  
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6 Outlook 
 
In the development of membrane filtration technologies, hybrid membranes play a crucial 
role in water purification application. Based upon different materials with distinct advantages, the 
developed hybrid membranes are able to combine the different properties of the materials and 
enhance membrane properties, which are crucial for improved filtration performances. In this 
report, the PSF-SiO2 membranes were prepared which showed enhanced membrane properties 
for water purification. These membranes offer the feasibility of separation of biomolecules, 
desalination/purification of water, and for other charge and size-based separation processes. 
Based on the preparation methodology of the PSF-SiO2 membrane, many other polymer-
inorganic nanocomposite membranes can be obtained with homogeneous distribution of 
inorganic components in the polymeric matrix. The leaching out inorganic precursors and 
nanoparticles from the polymer matrix during the filtration is one of the serious problems, which 
limits the enhanced membrane properties of water purification. Opening up new methods and 
introducing new ingredients are the crucial ways to fabricate these kinds of membranes. The 
precursors or nanoparticles can be impregnated with other modifiers or anchors, which stabilize 
the system and suppress the leaching from membrane, are beneficial. Graphene or graphene oxide 
has been suggested as one of the important filler which can stabilize the nanoparticle as well as 
improve the overall membrane performance. Graphene is a promising material because of its 
strong, good chemically resistance, high antimicrobial properties, and various forms, such as 
pristine graphene, graphene oxide (GO) and reduced graphene oxide (rGO).118 Therefore, adding 
graphene ingredient into the membranes may become the next step to improve the water 
purification properties of polymer-inorganic nanocomposite membranes. The schematic route for 
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